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Definition of terms 
HTSC :  High temperature superconductors. 
NRMA:  Non-resonant microwave absorption. 
EPR :  Electron paramagnetic resonance.  
SEM : Scanning electron microscope. 
AFM :  Atomic force microscope. 
LFMA : Low field microwave absorption. 
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Abstract 
As an electromagnetic response detection technique, non-resonant microwave absorption 
(NRMA) has been without doubt, one of the fundamental tools in characterizing high 
temperature superconductors (HTSC). The technique can explicitly give factual information 
on flux pinning, granularity, magnetization, and detection of iota superconducting phases 
among many more. 
The emergence of iron pnictides superconductors has brought an enormous impact on HTSC 
field due to their relatively high 𝑇c, high critical fields 𝐵c2, huge critical current density and 
low anisotropy. Accordingly, they look appealing candidates in industrial applications more 
especially in high magnetic field applications. As of yet, its electromagnetic response 
particularly the low field microwave absorption (LFMA) or the non-resonant microwave 
absorption (NRMA) is relatively unknown.  
Consequently, in this work, systematic studies have been done on SmFeAs(O,F), 
superconductors to determine the low field sweep microwave absorption. Furthermore, effect 
of varying temperature, microwave power and field modulation amplitude on NRMA line 
shape have been addressed and the results obtained are compared with NRMA results of 
cuprates superconductors. 
Interestingly, the NRMA line shape has been found to evolve as a function of temperature, 
microwave power and field modulation amplitude. A structure i.e a broad peak 1 and a narrow 
peak 2 have been identified. Furthermore, the line shape shows a phase reversal at moderately 
high microwave power. 
This dissertation presents the theoretical background of superconductors, experimental 
techniques, working principles of the equipments, results, discussions and conclusions. As 
pertains to the future work, recommendations have been suggested in trying other forms of 
sample and also different sample materials of iron based superconductors to fully understand 
the NRMA and ensure a progressive and continuous work in this field. Also, we will carry out 
extensive studies on critical current density, fluxon dynamics and irreversibility fields on iron-
based superconductors by means of NRMA technique.  
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CHAPTER ONE 
   INTRODUCTION 
1.1 Overview on Superconductivity 
Superconductivity is the most fascinating and sophisticated occurrence in condensed matter 
physics exhibited by various materials at low temperatures where electrical resistance 
completely vanishes. This phenomenon was discovered in 1911 when Heike Kamerlingh 
Onnes  observed zero electrical resistance in mercury below a finite critical temperature, 𝑇c, 
of  4.2 K (see figure 1.1(a)) [1]. Since then, the quest for the origin of superconductivity, 
materials with higher superconducting transition temperature 𝑇c and higher critical field 𝐵c2 
remains an intuitive venture. Nevertheless, enormous developments have been made in the 
field of condensed material physics and industrial applications which have revolutionized 
almost every human life operations. 
One unique characteristic of a superconductor is that it conducts electricity with zero DC 
resistance and negligible impedance below its critical temperature Tc  as compared to 
conventional metallic conductors like gold, silver and copper where Ohmic loss is generated 
and energy loss takes place. This unusual feature has proved vital in technology applications.  
Electronic devices fabricated from these materials are increasingly getting small in size, with 
high level of efficiency, great precision and ultra-high speed.  
Notable realizations of superconductor applications includes magnetic resonance imaging 
(MRI) in medical fields, Nuclear magnetic resonance (NMR) in research laboratories, Maglev 
trains in the transport sector, and both passive and active microwave devices. Another 
milestone application is the International Thermonuclear Experimental Reactor (ITER) which 
is envisioned to investigate the production of clean electricity by nuclear fusion. All these are 
possible due to high field superconducting magnets with critical currents of the order of 105 
A cm−2  in the magnetic fields of up to 10 Tesla as reported in ref. [2]. 
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Figure 1.1: (a) Electrical resistivity disappearance below Tc of Mercury (b) Response of a perfect 
conductor and a superconductor to the applied magnetic field. Figures reprinted from ref [3]. 
 
Since the discovery of superconductivity in 1911, a lot of developments have been made in 
this field. One notable development came in 1933 when Meissner and Oschnefeld discovered 
Meissner effect [4]. The effect points out that when a material-superconductor is cooled from 
the normal state to superconducting state, it excludes magnetic flux from its interior. It is 
contrary to what happens in a perfect conductor where a material induces current which will 
prevent any internal flux from changing when the external field is varied as shown in figure 
1.1(b) [3].  
 
Building on the Meissner and Oscshenfeld concepts, London brothers [5] used a two-fluid 
model to establish two phenomenological equations. Equation 1.1 represents a case where the 
current density of the electrons will increase continuously provided there is a constant electric 
field 𝐸. This statement clearly outlines the zero resistance property of a superconductor [6]. 
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Here
2
s/m n e  . The symbols 𝑗s, 𝑛s, 𝐸, 𝑒, 𝑚, and 𝐵 represents supercurrent density, super 
electron density, electric field, charge of electron, mass of electron and magnetic induction 
respectively.  
Equation 1.2 describes the Meissner effect. By making use of Maxwell equation 0 sJ B   
together with equation 1.2 and neglecting any currents apart from the supercurrent, one 
obtains  
2
L
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which when solved in one dimension gives an exponential decay of magnetic field inside a 
superconductor 
/
0(x) B
LxB e
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Here 
2 2
L 0 s/m n e   is the London penetration depth. 
 
In 1950, Ginzburg and Landau [7] established a theory where they expressed free energy of a 
superconductor close to the superconducting transition in terms of a complex order parameter 
Ψ . The order parameter describes the extent to which a system is ordered.   
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where 𝑚 is the effective mass, 𝑒 is the charge of an electron, 𝐴 is the magnetic vector 
potential, Ψ is a complex macroscopic order of a superconducting phase, 𝐹n is the free energy 
in the normal phase, 𝐵 is the magnetic field, 𝛼 and 𝛽 are phenomenological parameters. By 
minimising the free energy, the two Ginzburg Landau equations (1.6 and 1.7) are obtained.  
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Equation 1.6 represents an energy eigenvalue equation for all points inside a superconductor 
and 1.7 defines the supercurrent density flow [3];  
2 21 ( 2 ) 0
2
i eA
m
              1.6 
2
2* * 4( )s
ie e
J A
m m
    

          1.7 
Then from the two equations, penetration depth (1.8) which signifies the distance over which 
the magnetic field can vary and coherence length (1.9) which describes the distance over 
which the order parameter can vary, are obtained as[8] 
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In 1957, Bardeen, Cooper and Schrieffer (BCS) [9] put forth a theory to elaborate the origin 
and mechanisms of superconductivity. The theory indicates that through electrons and 
phonons interactions cooper pairs are formed. The cooper pairs then form a Bose-Einstein 
condensate in the superconducting state. At this state, a material is fully described by the 
number density of electrons and have a single-valued phase.  All the superconducting 
materials with a 𝑇c range of 0 − 39 K (within the McMillan limit) were able to be explained 
by this theory.  
1.2 High Temperature Superconductors 
1.2.1 Cuprates 
The notion of many researchers that BCS mechanism could not yield transtion temperatures 
higher that the McMilan limit (~39 K) was put to rest in 1986 when Bednorz J. G and Muller 
K. A [10] ascertained superconductivity in La2−xBaxCuO4 at 35 K, thus instigating the epoch 
of high-temperature superconductivity. In quick succession, Wu et al [11] then revealed 
superconductivity in YBCO with 𝑇c of 92 K. It was found that the 𝑇c in this material is 
dependent on oxygen content.  
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In 1988, Maeda et al [12] found that 𝐵a − Sr − Ca − Cu − O (BSCCO) was superconducting 
at 110 K and later the same year Sheng and Hermann established a 𝑇c of 120 K in  TI − Ba −
Ca − O [13]. In 1993 another finding was made in Hg − Ba − Cu − O system where it was 
shown that this material had a 𝑇c of 94 K [14]. On applying pressure on this very material, an 
increase of 𝑇c up to 153 K was realised [15].  
For the above mentioned copper-oxide superconductors, YBCO and BSCCO are the most 
widely explored. These materials have helped in revealing and understanding fundamental 
principles and mechanisms of superconductivity both in conventional and unconventional 
level.  
Again, despite the fact that HTSC materials have conceivable limitations inherent in them 
such as short coherence length [16], giant flux creep of the vortex lattice [17], anisotropy [18] 
and weak links [19], these materials have found places in fabrication of devices. This has been 
made possible by using cheaper nitrogen liquid compared to helium used in low temperature 
superconductors.   
1.2.2 Iron-Based Superconductors 
The discovery of iron-based superconductors began in 2006 when Kamihara et al [20] found 
out that LaFePO was superconducting at 4 K. Two years later, the same group revealed that by 
replacing phosphorous (𝑃) by arsenic (𝐴𝑠) in LaFePO, the layered LaFeAs(O, F) 
superconductor formed was superconducting at 𝑇c = 26 K [21]. The  𝑇c of this compound was 
increased to 43 K under the application of pressure [22].  
This marked a new era and renewed extensive research on correlated electron systems in the 
field of condensed matter physics and material science. Since 2008, many iron 
superconductors have been discovered with increased 𝑇c  as high as 55 K in SmFeAsO1−xFx 
[23] and 56 K in Gd1−xThxFeAsO [24]. With the application of pressure, the  𝑇c of  
SmFeAsO1−xFx  was found to increase to 57.8 K [25].  
The high 𝑇c in this family is beyond McMillan limitation of 39 K predicted by BCS theory. 
Then it implies that conventional electron-phonon coupling mechanisms cannot account for 
the occurence of superconductivity. Since superconductivity in these materials occurs in close 
proximity to magnetic order, magnetic fluctuations have been proposed as bosonic glue for 
cooper pair formation [26] and pairing occurs through the inter-pocket scattering of electrons 
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via exchange of antiferromagnetic spin fluctuations[27]. By means of doping electrons or 
holes into the parent phase which is non supercnducting, magnetic order is gradually 
suppressed and the short-range order provides a wide spectrum of spin fluctuations which 
may be responsible for pairing between electrons [27]. 
Iron based superconductors are founded on conducting layers of iron and Chalgogen or 
pnictogen such as phosphorous and arsenic. It is argued that the unpaired electrons in iron 
may be responsible for both superconductivity and magnetism [28]. Therefore, the presence 
of iron ions in these superconductors puzzled many researchers given the opposed 
relationship between magnetism and superconductivity.  
Consequently, they afford an excellent playground to investigate this antagonistic 
relationship.  Furthermore, the availability of a variety of materials presented by this family 
provides many options in exploring unravelled complications in superconductivity.    
1.2.2.1 Classes of Iron based Superconductors 
Iron pnictide superconductors are grouped into five main prototypical families according to 
stoichiometric ratios of chemical constituents. They include; 1111, 122, 111, 11 and 42622 
families and their structure is presented on figure 1.2. The 1111 class is represented by 
𝐿𝑛𝐹𝑒𝐴𝑠𝑂 formula, (Ln = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, and Y) where 𝐿𝑛 is rare earth 
element. They are two dimensionally layered tetragonal structures and the parent compounds 
are not superconductors at ambient pressure.  The highest  𝑇c in this class is 55 − 56 K  found 
in SmFeAsO1−xFx    [23] and Gd1−xThxFeAsO [24] making them the second largest group 
with high  𝑇c  after cuprates.  
 
The 1111 materials are isostructural and adopt the layered 𝑍𝑟𝐶𝑢𝑆𝑖𝐴𝑠-type of a structure with 
the space group 𝑃4/𝑛𝑚𝑚 where 𝐿𝑛𝑂 and 𝐹𝑒𝐴𝑠 layers are tetrahedrally coordinated along the 
crystallographic c-axis. Since their parent compounds are non-superconducting, charges are 
transferred from 𝐿𝑛𝑂 to 𝐹𝑒𝐴𝑠 layers by; (1) doping with both holes (p-type) and electrons (n-
type) [24, 29] (2) partially replacing of oxygen with fluorine [30] and (3) oxygen deficiency 
[31]. The introduction of carriers suppresses the antiferromagnetic long range order and thus 
superconducting phase emerges.  
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The family 122 has a formula 𝐴𝐹𝑒2𝐴𝑠2 (𝐴 = Ba, Ca, Sr and Eu) and compounds crystallise in 
the body centred tetragonal 𝑇ℎ𝐶𝑟𝑆𝑖2𝐴𝑠2- type structure with I4/mmm space group symmetry. 
Superconductivity is achieved through doping at 𝐴 site and 𝐹𝑒 site. An alkali metal substitute 
𝐴 and 3d, 4d and 5d transition metals substitute 𝐹𝑒 [32].  This class is unique since it does not 
contain oxygen. It highlights the fact that high temperature superconductivity does not solely 
depend on oxygen composition in a material superconductor. The highest 𝑇c of 38 K is found 
in potassium doped BaFe2As2 [33]. 
The other iron-based superconductor families include; the 111 class with a formula 𝐴𝐹𝑒𝐴𝑠 
(𝐴 = alkali metal) and has a transition temperature of 23 K in NaFeAs [34]. The 11-type 
consists of compounds with the 𝛼 − 𝑃𝑏𝑂-type of structure and highest  𝑇c of 27 K is obtained 
in 𝐹𝑒𝑆𝑒  after pressure application [35]. This group exhibits the simplest structure with no 
stacking between (𝐹𝑒 − 𝑇𝑒, 𝑆𝑒). Lastly, a group of formula 𝐴4𝑋2𝑂6𝐹𝑒2𝐴𝑠 2 (X =
Al, Sc, V, Cr) often known as 42622-system with maximum 𝑇c of 43 K in 
Ca4(Mg, Ti)3OyFe2As2  [36] and Sr4V2O6Fe2As2   with 𝑇c of 37.2 K [37]  have been 
discovered. 
 
 
Figure 1.2: Crystal structure of iron-based superconductors classes (a) 1111 (b) 122 (c) 111 (d) 11 (e) 
42622. Reprinted from [38]. 
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1.2.2.2 Phase Diagram 
Phase diagram of superconductor shows at a glance the structural, magnetic and 
superconductivity phases hence providing a better way towards understanding the nature of 
superconductivity. Since the discovery of iron-based superconductors, attempts to understand 
their phase diagram has been made. It has been shown in figure 1.3(a) that orthorhombic 
phase coexists and competes with a superconducting tetragonal phase [39].  
Moreover, mixed results have been found on magnetic and superconducting phase. Some 
authors [40, 41] have reported a coexistence of magnetism and superconductivity whereas 
others [30, 42] have noted a close proximity between superconductivity and antiferromagnetic 
state.  
For instance, Huang et al [42] found out that the long range order disappears as a function of 
doping before superconductivity emerges  in LaFeAsO1−xFx a scenario which differs from the 
work done by Lv et al [40] where an extrapolation of  𝑇s in the phase diagram of 
KxSr1−xFe2As2 shows an hidden criticality point (hcp) revealing a possibility of competition 
between superconductivity and magnetism at ground state. 
Figure 1.3(b) and figure1.3(c) shows phase diagram of PrFeAsO1−x Fx and YBCO 
respectively. Since some striking features are common between iron based superconductors 
and curpates, it is normal to compare their phase diagram as well. It is clear from the two 
figures that superconductivity dome appears in close proximity to the suppression of the spin 
density wave state. Surprisingly, details of the magnetism in these two systems are quite 
different.   
Superconductivity in cuprates emerges from a Mott insulator state with delocalised electrons, 
whereas the iron-based superconductors are generally thought to be semi-metals, with a spin 
density as an antecedent to superconductivity [43, 44]. As a result, more work is needed to 
delineate whether magnetism and superconductivity do coexist and also to draw an 
explanation on the similarity of the phase diagram to that of cuprates. 
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Figure 1.3: (a) Structural phase diagram of SmFeAsO1−xFx [38], (b) Structural, magnetic and 
superconductivity phase of PrFeAsO1−xFx [30] and (c) Magnetic phase of YBCO [45]. 
 
1.2.2.3 Relationship between Crystal Structure and Superconductivity 
Plausible measurements on specific heat measurements ( see figure 1.4(a)) [46] and 
resistivity (figure 1.4(b)) [47] revealed that the undoped iron-based materials exhibit a 
structural and magnetic anomaly in the temperature range 120 − 250 K for both 1111 and 
122 materials. Upon doping or applying external pressure, the combined structural and 
magnetic transition is reduced or eliminated and eventually superconductivity appears.  
This hints at correlation between superconductivity and crystal structure. Also, a remarkable 
observation on an increase of 𝑇c is experienced in 1111 type of superconductors when La is 
substituted by small ionic radius earth systems such as  Pr = 47 K [30] Ce = 47.5 K [47], 
Sm = 55 K [23], Gd = 56 K [24]. This shows an inner chemical effect of pressure on 
superconductivity.  
Credible studies have shown a maximum 𝑇c to be found when 𝐹𝑒 (𝑃𝑛, 𝐶ℎ) - tetrahedron 
forms a regular shape and the angle 𝐹𝑒 − 𝑃𝑛, 𝐶ℎ − 𝐹𝑒 equals 109.47 0 [38, 39, 48]. Besides 
the angle and regular tetrahedron shape, Lee et al points out that the bond length 𝐹𝑒 −
(𝑃𝑛, 𝐶ℎ) should be longer than the 𝐹𝑒 − 𝐴𝑠 bond and an intermediate (Fe plane)-(Fe plane) 
distance of 9Å − 15Å [ 38]. 
Effect of external pressure on crystal structure which results to increased 𝑇𝑐 has also been 
investigated on Nd(O0.88F012)FeAs [49] and CeFeAsO [47, 50]. Kamagaraj et al have found 
that on applying pressure the 𝑇(𝑜𝑛𝑠𝑒𝑡) increases from 47.26 K to 47.68 K for 0 to 1 GPa at a 
rate of 0.42 K/GPa. It is noted that the initial applied pressure (up to I GPa) enhances the 𝑇c 
a cb
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and then the 𝑇c decreases gradually above 4 GPa [47]. A structural transition from the 
tetragonal to collapsed tetragonal phase in both samples has been recognized.  
It is significant to note that these materials have shown a fairly large interspace between two 
adjacent layers on the c-axis [49, 51], which shows that an application of high pressure will 
change their structure and other physical properties [49]. It then means that a formation of 
intrinsic Josephson junction in some iron pnictides superconductors is expected [51] as is the 
case in Bi2212 system in cuprates. The intrinsic Josephson junction effect in Bi2212 system 
has been a very hot topic for a long time and continuous to be a very rich playground in 
physics [52]. 
 
Figure 1.4: (a) Specific heat of BaFe2As2, Ba0.5K0.5Fe2As2 and Ca0.5Na0.5Fe2As2 samples. The 
parent compound BaFe2As2 single crystal shows a very sharp peak at 136 K, enlarged in the inset 
[44]. (b) Resistivity versus temperature for bulk SmFeAsO1−xFx and it shows the structural change 
with doping [25]. 
 
1.2.2.4 Superconducting Parameters of Iron-Based Superconductors 
Iron-based superconductors have high upper critical field [53, 54] which is one of the 
requisite of a material superconductor for having good in-field behaviour of the critical 
density [55]. Furthermore, they have relatively high 𝑇c [23, 24], huge current density 𝐽c [56, 
57] and weak anisotropy [58, 59]. Therefore, this family is hyped for a potential high 
magnetic applications and also provides hope for finally unravelling the secret of high 
temperature superconductivity. 
a b
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Table 1.1 shows comprehensively the transition temperature 𝑇c, upper critical field 𝜇0𝐻𝑐2, 
coherence length 𝜉, penetration depth 𝜆 and Ginzburg number  Gi for iron-based 
superconductors, YBCO and MgB2 in the superconducting state. It is clear from the table that  
𝑇c of iron based superconductors is lower compared to that of YBCO. However, the critical 
fields of iron based superconductors are higher than that for  MgB2 and comparable to YBCO.  
The anisotropy and Ginzburg number especially for 122 iron-based superconductors are 
smaller than that of YBCO system. This indicates that pinning is stronger in iron-based 
superconductors which results to reduced effect of  thermal fluctuations [54]. This fact is 
attested in SmFeAsO1−xFx which have stronger pinning potential than YBCO [60]. 
 
Table 1.1: Typical values of superconducting state parameters of the iron-based superconductors, 
YBCO, and MgB2.  Adopted from [55]. 
 
 1111 122 11 YBCO MgB2 
𝑇𝑐[𝐾] 55 38 16 93 39 
𝜇0𝐻𝑐2(𝑇 = 0)[𝑇] > 50 60 55 > 50 30 
𝛾𝐻 5 2 2 − 3 4 − 14 3 − 5 
𝜉𝑎𝑏[𝑛𝑚] 2.5 3 1.5 2.2 10 
𝜉𝑐[𝑛𝑚] 0.6 1.5 0.6 0.4 2 
             𝜆𝑎𝑏[𝑛𝑚] 200 200 500 120 50 
𝐺𝑖𝑛𝑧𝑏𝑢𝑟𝑔 𝑛𝑢𝑚𝑏𝑒𝑟 𝐺𝑖 4 × 10−4 1.5 × 10−5 1 × 10−3 5 × 10−4 10−5 
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Table 1.2 shows critical current density and current anisotropy values for both single crystals 
and thin films of iron-based superconductors, YBCO and MgB2 [55]. It is evident that the 𝐽c 
for single crystals for 1111 superconductor  compares well with that of YBCO superconductor 
and that of 122 and 11 are of same order with MgB2. On other hand, the 𝐽c  of thin film of 
1111 superconductors is of magnitude less than that of YBCO, a fact attributed to the complex 
chemical composition of making 1111 films [61].  
Interestingly,  𝐽c anisotropy which is defined as the ratio between the current flow in plane 
and out of plane ( 𝐽c
(ab)/𝐽c
(c))  is around 2 in all iron-based superconductors which is much 
alike the anisotropy in MgB2 and much lower than the values of up to 30 − 50 found in 
cuprates. It then indicates that unlike cuprates, iron based superconductors does not need 
complex texturing processes for the fabrication of wires and tapes [55]. 
Table 1.2: comparison of Jc values for iron-based superconductors, YBCO and MgB2. Table adopted 
from [55]. 
 
  1111 122 11 𝑌𝐵𝐶𝑂 𝑀𝑔𝐵2 
Single 
crystals 
𝐽𝑐(0) at 5K 
(𝐴/𝑐𝑚2) 
2.16 × 106 3 × 105 105 3 × 106 105 
𝐽𝑐
(𝑎𝑏)/𝐽𝑐
(𝑐) 2.5 2  10 − 50 1 − 2 
𝐽𝑐
(5𝑇)/𝐽𝑐
(0) 0.8 0.5 0.3 0.5 < 0.01 
Thin 
films 
𝐽𝑐(0) at 5K 
(𝐴/𝑐𝑚2) 
104 4 × 106 7 × 105 107 − 108 107 
𝐽𝑐
(5𝑇)/𝐽𝑐
(0) 0.2 0.5 0.5 0.2 − 0.5 0.003 − 0.1 
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Away from comparing superconducting parameters, generally iron based superconductors 
have got both similarities and dissimilarities with cuprates as highlighted here. 
Similarities; 
I. Both have layered structure. They consist of 𝐹𝑒𝑃𝑛- or 𝐹𝑒𝐶ℎ-layers (iron-pnictogen or 
Chalcogen) which dominate the electronic states at the Fermi level and produce 
superconductivity [38]. 
II. Both have a dome shaped transition temperature. Superconductivity increases with 
doping until an optimum doping limit is reached and then decreases with increase in 
doping concentration  [42]. 
III. Both possess static magnetism. At low temperatures, the parent compound has spin 
density wave (an antiferromagnetic order) which is accompanied by tetragonal-
orthorhombic transition [62].  
IV. Both exhibit superconductivity on doping. By doping these materials with the right 
amount of dopant, the antiferromagnetic state is suppressed and superconductivity 
emerges [63]. 
Disimilarities; 
I. Iron pnictides are poor metallic compounds with itinerant electrons while cuprates are 
mott-insulator with delocalised electrons [43, 44]. 
II. Application of pressure on iron pnictides results in superconductivity but in cuprates it 
only enhances  𝑇c but not appearance of superconductivity [64]. 
III. Iron pnictides have multiple band at the Fermi energy in comparison to only a single 
in cuprates [65].  
IV. The superconducting order parameter  in iron pnictides is believed to be ±𝑆 but in 
cuprates the symmetry is d𝑥2–𝑦2 [66]. 
1.2.2.5 The 𝐒𝐦𝐅𝐞𝐀𝐬(𝐎, 𝐅)Superconductor 
This section precisely highlights characteristics and properties of SmFeAs(O, F) material. The 
SmFeAs(O, F) of 𝑇𝑐 =  43 K was discovered shortly after iron pnictides were revealed in 
2008 [67]. The material has a tetragonal 𝑍𝑟𝐶𝑢𝑆𝑖𝐴𝑠 structure and belongs to a class of 1111 
with a formula 𝑅𝐸𝐹𝑒𝐴𝑠𝑂 (Re = rare earth). It is two-dimensionally layered as shown in 
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figure 1.5 with an alternating stacking of 𝑆𝑚𝑂 and 𝐹𝑒𝐴𝑠 and is non-superconducting at 
ambient pressure.  
Like other iron-based superconductors, the parent compound is metallic with itinerant 
magnetic moment and superconductivity here does not follow conventional BCS theory. The 
presence of spin density wave is the reason behind the non-superconducting behaviour. The 
𝑆𝑚𝑂 layers act as charge reservoir while 𝐹𝑒𝐴𝑠 are the conducting layers and SDW resides in 
these layers. By doping of the parent material [68] or introducing oxygen deficiency [69], the 
SDW is suppressed and superconductivity induced.  
It has been established that the highest current density in this material is 2 × 107Acm−2 (5 K) 
found in superconducting crystals [56]. As mentioned earlier, SmFeA(O, F) is one of the 
materials with highest 𝑇c with onset temperature as high as 55 K and zero resistance 
superconducting temperature of 52.6 K [23]. Furthermore, critical field 𝐻c2 as high as 
~3770 kOe has been reported [68].  
 
Figure 1.5: Crystal structure of layered  SmFeAs(O, F) material [56]. 
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1.2.2.6 Granularity 
Electromagnetic response studies especially low field microwave and radio frequency 
absorption have shown novel features in cuprates [70]. Majority of this features are associated 
with granularity. Ineluctable defects such as cracks, impurity materials, voids and any other 
weak links [71] of the size ~ 1 nm naturally forms Josephson junctions between 
superconducting grains[72].  
In fact Josephson junction may be formed within a unit cell [51], consequently, granularity is 
believed to be in all sample forms (powder, polycrystaline bulk, thin films and single 
crystals). Weak link behaviour which results from granularity has been identified in iron 
pnictides superconductors; Sr0.6K0.4Fe2As2 [73], Ba(Fe1−xCox)2As2  [74] and SmFeAs(O, F) 
[71- 77].  
 In the bulk polycrystalline superconductor  SmFeAs(O, F), cracks and normal wetting phase 
of 𝐹𝑒 − 𝐴𝑠 which produces a dense array of superconducting-normal-superconducting 
contacts; most of which switch off when magnetic field is applied have been observed [77]. 
This weak-link behaviour may explain why the onset 𝑇𝑐 is higher than zero resistance 𝑇c and 
the kinks (double –like-steps) observed in susceptibility measurements [71]. Presence of weak 
link poses serious drawbacks because of the reduction of 𝐽c and flux flow resistivity 
associated with weakly pinned Josephson vortices.   
The implication of weak link and poor coupling in SmFeAs(O, F) results to two types of 
critical current densities, that is, local (intra-grain) and global (inter-grain) [78]. This sounds 
an impediment to possible application of this material since the expected overall high critical 
current density of a sample is orders of magnitude lower than the intrinsic critical current. In 
fact single crystals [56] and thin films of this same material [53] have shown granularity as 
well. 
1.2.2.7 Pinning in 𝐒𝐦𝐅𝐞𝐀𝐬(𝟎, 𝐅) 
Critical current density is one of the most central parameters which determine the applications 
of a material superconductor. In the previous section, granularity of SmFeAsO1−x Fx and its 
shortcomings have been highlighted. One of the shortcomings worth noting is vortices 
mobility.  
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Moll et al did a comprehensive vortex dynamics studies on single crystals of this very 
material [79]. They noted that at T∗ = 42 − 43 K, the nature of vortices changed from 
Abrikosov-like to Josephson-like. Also, at this ‘transition the critical current droped sharply 
and a jump in the flux-flow voltage in a magnetic field precisely aligned along the FeAs 
layers which is an indicative of vortices mobility’[79] was noted.  
Although studies have shown that pinning strength in this material is stronger than YBCO 
superconductor [71], these findings from Moll et al [79] points that a remedy needs to be 
found to curb vortex mobility since this material has been touted potential in high magnetic 
field applications [53, 54].  To minimize vortex mobility in a sample, improved 
microstructure (sample connectivity) and vortex pinning needs to be engineered.   
A lot of work has been done on all forms of sample i.e bulk polycrystalline, superconducting 
tubes and single crystals of SmFeAs(O, F). Ding et al [80] have investigated the effect of 
sample density on pinning in bulk polycrystalline. They have found superconducting volume 
fraction increases with increasing of sample density. A fact they attributed to increase of the 
number of local links and strong links leading to better connectivity.  
Also, they ascertained that the dominating pinning in the material was intra-granular pinning 
of normal point pinning nature [80]. Similarly, Anooja et al [76] found out that doping with 
𝐶𝑎2𝐹, the resulting bulk polycrystalline Sm1−xCaxFeAsO1−2xF2x had increased 𝑇c and 𝐽c. 
They ascribed this to improved microstructure emanating from better grain connectivity.  
Improved microstructure has been noted on superconducting tubes of this material as well 
when tin (Sn) is added [61]. They found a dense microstructure with increased grain size from 
(~1mm) in a pure specimen of SmFeAs(O, F) to (~2mm) in sintered and Sn added specimen. 
According to their work, this resulted to reduced pores and impurities hence high 
superconducting homogeneity and enhanced inter-granular coupling.  
The 𝐽c obtained was  22000 A/cm
2 (4.2 K) which is the highest in superconducting tapes of 
this material. They further suggested that high pressure pressing and texturing technology will 
be effective in reducing the weak link effect. Similar results in silver (Ag) addition on 
textured Sr0.6K0.4Fe2As2have been found which resulted to improved 𝐽c of 15000 A/cm
2 
(4.2K) [73].  
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Fang et al [56] did a comprehensive study on the effect of introducing a low density 
correlated nano-scale defects on single crystals of SmFeAs(O, F) by heavy-ion irradiation. 
They showed that the critical current density increased up to 2 × 107A/cm2 which is the 
highest 𝐽c obtained thus far in iron pnictides. They argued that the introduction of columnar 
defects can firmly pin vortices and effectively extend the useful range in the 𝐻 − 𝑇 phase into 
the vortex liquid range. 
1.3 Problem Statement 
One of the most fundamental applications of superconductors is in the fabrication of 
microwave devices and other Josephson junction-related devices. Microwave devices such as 
NMR and MRI receiver coils, waveguides, superconducting cavity resonator and filters [2] 
exploit the negligible surface resistance characteristic of superconductors (see figure 1.6). 
Josephson junction-related devices such as SQUIDs and QUBITs exploit the phase coherence 
of the microscopic wave function of a superconductor. These devices take a signal in, process 
or modify it and send it out. 
 
An important and latest development of superconductor application is the intrinsic Josephson 
junction which has attracted huge interest [51]. It employs the Josephson effect where a direct 
current voltage is naturally converted into a high frequency electric current [52]. The intrinsic 
Josephson junction shows potential in acting as a source of subterahertz and terahertz 
frequencies hence filling the Terahertz gap [52].  
 
As a matter of fact, electromagnetic response characteristic of superconductors is vital as far 
as the aforementioned applications are concerned. Non resonant microwave and radio 
frequency technique is a powerful tool for characterising superconductors in this aspect. This 
is attested in cuprates superconductors where it has been used extensively to explore 
superconducting features such as magnetic shielding effect, anomalous hysteresis, Wohlleben 
effect (Paramagnetic Meissner effect), surface barrier, irreversibility line, critical current 
density, and surface resistance among many more as discussed in chapter two.  
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The technique involves use of electron paramagnetic resonance spectrometer where an intense 
low field signal centered at zero [81] and related to variation of applied external magnetic 
field, temperature, modulation amplitude and microwave power is obtained. Depending on 
variable parameters during this measurement, valuable information on surface resistance is 
obtained. Furthermore, the NRMA signal not only gives information of Josephson junction 
and other weak links available in HTSC material but it can delineate between extrinsic and 
intrinsic Josephson junction.  
 
With the recently discovered iron pnictides superconductors, more particularly SmFeAs(O, F), 
has caught the attention of many in the field of condensed matter physics because of the high 
critical fields, high critical current density, relatively less anisotropy and high 𝑇c. These 
qualities makes it potential candidate for the aforementioned high magnetic field and 
electrical devices applications which have found places in medical, security and academic 
research fields.  
 
Therefore, in this work, a systematic and detailed non resonant microwave absorption study 
on SmFeAsO1−xFx has been carried out to elucidate the temperature, microwave power and 
field modulation amplitude dependent microwave loss. We are motivated by the fact that few 
works on low field microwave absorption in iron based superconductors are available hence 
the need to fill the gap. We have employed non-resonant microwave absorption method to 
probe and extract fundamental features and characteristics of this material. 
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Figure 1.6: Frequency dependence of surface resistance of Copper, YBCO bulk, thick and thin films 
[82].  
 
1.4 Research Objectives 
  
High temperature superconductors are known to have very short coherence lengths [72] of the 
order of unit cell because of less coupling between layers [51] which as a consequence, results 
to the formation of weak links. Depending on the material separating the superconducting 
grains, the weak links can be either superconductor-insulator-superconductor or 
superconductor-normal superconductor.  
The presence of these unavoidable defects influences transport, magnetic and electrodynamic 
(radio frequency and microwave) properties of a material. For instance, the application of a 
very small external magnetic field to a sample at temperatures below 𝑇c, results to an intense 
low field microwave/radio frequency absorption signal. 
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The electromagnetic response signal obtained can be either zero field minimum where the 
signal increases monotically with increase in applied external magnetic field [70] or it can be 
a zero field maximum and it decreases with increase in magnetic field [83]. Furthermore, the 
signal shows complex characteristics and features when temperature, frequency, microwave 
power and field modulation are varied.  
Broadly, the objective of this study is to understand the electromagnetic response of 
SmFeAs(O,F) by means of NRMA technique. More especially the low field scan microwave 
absorption. Of particular interest, has been the study of the effect of temperature variation, 
microwave power variation and field modulation amplitude variation on NRMA line shape 
which have been noted to have complex but fascinating features in cuprates forms. 
Certainly, the objectives are outlined as follows: 
1. To understand the mechanism of non-resonant microwave absorption in iron pnictides 
superconductors.  
2. To study, determine and establish dependence of non-resonant microwave absorption on 
temperature, magnetic field, microwave power and amplitude modulation. 
3. To compare microwave absorption in iron pnictides superconductors to cuprates.  
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CHAPTER TWO 
FUNDAMENTALS 
 
2.1 Magnetic Properties of  Superconductors 
 
High temperature superconductors have captivating features which are closely related to or 
have direct influence on non-resonant microwave absorption and radio frequency. This 
section is dedicated in  elaborating some of the relevant magnetic parameters and properties in 
relation to electromagnetic dynamics of superconductors.  
2.11 Critical Fields 
Fluxon dynamics in a superconductor is a crucial phenomenon which needs to be amply 
elucidated for better understanding of its magnetization and magnetic field-temperature phase. 
The behaviour of both conventional and unconventional superconductors in applied magnetic 
field is well presented in three segments namely; Meissner phase, mixed/vortex state and the 
normal state. By using these distinct segments, superconducting materials can be 
characterised as either type I or type II superconductor.  
Figure 2.𝟏(𝐚) and figure 𝟐. 𝟏(𝐛) shows an 𝐻 − 𝑇 phase diagram and magnetization curve of 
a type I superconductor. When the magnetic field 𝐻 is turned on, definite amount of energy is 
used to create the magnetic field of the screening currents that cancels the field in the interior 
of the superconductor [1]. This process is called Meissner effect. Once the applied field 
exceeds a thermodynamic critical field, 𝐻c(T), the superconductivity state is damaged and the 
material regresses to the normal state where the field penetrates without restrictions. 
The thermodynamic critical field is related to the free energy difference between the normal 
and superconducting state in zero field. As shown in equation 2.1, 𝐻c is determined by 
equating the energy 𝐻2/8𝜋 per unit volume associated with holding the field out against 
magnetic pressure with the difference in Helmoltz free energy [2] 
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
                       2.1 
where 𝑓𝑛 and 𝑓𝑠 are normal state and superconducting state free energy.  
Meissner state provides enormous information in trying to understand the fundamental 
principles and nature of superconductivity in materials. For instance, lower critical field can 
be measured [3] and also the extraction of fundamental lengths such as coherence length and 
penetration depth.   
 
 
Figure 2.1: (a) H-T phase diagram of type I superconductor and (b) Magnetization of long solid 
cylinder I superconductor. Figure 2.1(b) was reprinted from [4].   
 
Type II superconductors have got two critical fields namely lower critical field 𝐻𝑐1(𝑇) and 
upper critical field 𝐻c2(𝑇) as shown in figure 𝟐. 𝟐(𝐚). Figure 𝟐. 𝟐(𝐛) shows magnetization 
curve of a long solid cylinder type II superconductor.  When magnetic field applied to a 
superconductor is less than 𝐻c1(𝑇), there is no flux penetration and the sample behaves as 
type I superconductor. However, when magnetic field exceeds 𝐻c2(𝑇), the sample turns to 
normal state.  
There is a distinctive state called the mixed or vortex state which occurs when the applied 
field is between 𝐻c1(𝑇) and 𝐻c2(𝑇)  which allows partial penetration of flux and the material 
remains in a superconducting state [5]. At this state, 𝐵 ≠ 0 as the material is being threaded 
by flux lines. It is an exciting state because crucial information such as irreversibility line and 
a b
28 
 
upper magnetic field which determines whether the material has  the possibility of a potential 
application.  
 
 
Figure 2.2: (a) H − T sketch for type II superconductor and (b) Magnetization of a long solid cylinder 
type II superconductor. Figure 2.2 (b) was reprinted from [4]. 
 
2.1.2 Fluxon Quantization 
A brief discussion of flux quantization in a superconductor is given referring to [6].  In a 
ceramic HTSC, magnetic field enters in form of fluxons. It then follows that some region of 
the superconductor is in the normal state. Given the order parameter of a superconductor is 
 𝛹 = ⃒𝛹⃒𝑒𝑖𝜑         2.2 
the line intergral of gradient 𝛻𝜑 around a closed contour encircling the normal domain has to 
be given by 2𝜋𝑁, where 𝑁 ∈ 𝜡. 
Assumed that the order parameter must be single valued at any given point and ∫ 𝑑𝑙𝜑 =
2
1
𝜑1 − 𝜑2 is independent of the path connecting the start and end point, we have [6] 
∮ 𝑑𝑙 ∙ 𝛻𝜑 = 2𝜋𝑁        2.3 
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The gauge invariant phase of the order parameter now has the gradient 
𝛻𝜑𝐺𝐼(𝑟) = 𝛻𝜑(𝑟) −
2𝑒
ħ
𝐴         2.4 
where 𝐴 is a vector potential coupling the magnetic field to the superconducting order 
parameter and 2𝑒 is the charge of a cooper pair. Using the modification 2𝑒/ħ = 2𝜋/(ℎ/
2𝑒) = 2𝜋𝜋/𝛷0 and subjecting the gauge-invariant order parameter to the constraint as shown 
∮ 𝑑𝑙 𝛻𝜑𝐺𝐼 = 2𝜋𝑁         2.5 
As the single-valuedness must still hold. Hence, we obtain [6] 
2𝜋
𝛷0
∮ 𝑑𝑙 × 𝐴 = 2𝜋𝑁        2.6 
Applying stoke’s theorem we obtain 
0
c s s
dl×A = dS ×A = dSB Φ = NΦ         2.7 
where 𝐵 = 𝛻 × 𝐴 and 𝛷 is the magnetic flux through the surface 𝑆 enclosed by the contour 
𝐶[6]. This flux is thus seen to be quantized in units of 𝛷0 ≈ 2.07 × 10
−15𝑊𝑏. 
2.2.3 Josephson Junction and Josephson Effect 
When a superconductor is cooled below its transition temperature, the electrons condense 
forming a macroscopic quantum state. In this case, all the electrons in the superconducting 
condensate are defined by a single complex wavefunction given as  
ie            2.8 
where   is the magnitude of superconducting order parameter which is a measure of the 
density of superconducting electrons, whereas  𝜑 is the phase connected to the flow of 
supercurrents [7]. As soon as two superconductors are weakly coupled together as shown in 
figure 2.3, their superconducting order parameters overlap and consequently electrons flow. 
The junction formed is called Josephson junction and the nature of coupling determines the 
amount of current through the junction. With no applied potential in this junction, a DC 
phase-dependent current (2.9) flows between the two superconductors 
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sincI I           2.9 
where 𝐼c is the critical current (the maximum current that a junction can accommodate before 
dissipation occurs).   
On the event that a voltage is applied across the junction, the phase varies according to 
equation 2.10. It results to an AC Josephson effect. 
2d eV
dt
            2.10 
The amplitude of the DC Josephson current in equation 2.9 depends on temperature. 
Ambegaokar and Baratoff derived an equation of the critical current for a tunnelling junction 
with conventional superconductors as [8] 
`  
(T) (T)
(T) tanh
2 2
c
n B
I
eR k T
 
         2.11 
Here nR  is the junction resistance in the normal state and (T)  is the energy gap. The 
Josephson current is maximal at 𝑇 = 0  
(0)
2
c
n
I
eR

          2.12 
Once 𝐼 > 𝐼𝑐, a current of normal electrons will flow through the junction in addition to the 
supercurrent. This results to the formation of resistively shunted Josephson junction (RSJ). 
The RSJ is considered as a circuit made of a normal resistance and a capacitor connected 
parallel to one another.  The total current of this circuit will be a sum of the normal current, 
𝑉/𝑅, current through capacitor, 𝐶
𝑑𝑉
𝑑𝑡
 , and supercurrent 𝐼𝑠 = 𝐼𝑐𝑠𝑖𝑛𝜑 [8]. 
sinc
V dV
I I C
R dt
          2.13 
With some mathematical manipulation, equation 2.13 gives 
2
2
sin c
c
I d d
B
I d d
 

 
          2.14 
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Here  
2
02 /c cI R C    is Stewart-McCumber parameter. 
The current-voltage, 𝐼 − 𝑉 characteristics can be described by Stewart-McCumber parameter
2
02 /c cI R C   . In the limit c ≪ 1, the 𝐼 − 𝑉 dependence is non-hysteretic (non-
dissipative) and is given by 
2 2 1/2(I) R(I I )s cV    while when c ≫ 1 the junction becomes 
hysteretic (dissipative) [9] 
 
 
Figure 2.3: A schematic Josephson junction showing two superconductor separated by an insulating 
layer.  
 
Any form of weak link in a superconductor where the critical current is significantly 
supressed results to Josephson junction. They include SIS tunnelling, SNS sandwich, 
microbridge formed by constriction, point contact junction and a small drop on a 
superconducting wire [8]. In ceramic superconductors, inter-granular and intra-granular weak 
links form Josephson junction. In fact in layered superconductor, Josephson junction may be 
formed within a unit cell as a result of sufficiently low inter-layer coupling [10].  
 
Josephson effect has been employed in Josephson junction related applications such as 
SQUIDs and QUBITs.  Its milestone application is the intrinsic Josephson junction (ijj). It 
employs the Josephson effect in which direct current voltage is naturally converted into a high 
frequency electric current. The ijj shows potential in acting as a source of subterahertz and 
terahertz frequencies hence closing the famous ‘Terahertz gap [7] 
Superconductor 1
  1
Superconductor 2
  2
insulator
32 
 
2.2.4 Josephson Coupling Energy 
The idea of high 𝑇c ceramic superconductors being anisotropic in nature implies that 
Josephson junctions parameters have different values. One of these parameters is Josephson 
coupling energy  𝐸j.  This energy is associated with a macroscopic variable 𝜑 i.e the phase 
difference between two superconductors, which permits the transport of cooper pairs between 
superconducting electrodes [11]. By considering two superconducting electrodes (grains) 
below 𝑇c, the Josephson coupling energy is expressed as [11, 12] 
𝐸𝑗(𝑇) =
ℏ𝐼𝑐
2𝑒
=
ℎ
8𝑒2𝑅𝑛
∆(𝑇)tanh (
∆(𝑇)
2𝐾𝐵𝑇
)     2.15 
where 𝐼c  is the Josephson critical current between grains, 𝑅𝑛 is the normal state  resistance 
and Δ(T) is the BCS energy gap of the grains. Phase coherence exists at very low temperature 
and magnetic field which results to maximum Josephson junction current. In this state the 
coupling is enhanced consequently 𝐸j is high and the junction acts as bulk. 
2.2.5 Short Coherence Length and Penetration Depth 
Coherence length and London penetration depth are the two most fundamental length scales 
of superconductivity. Coherence length, 𝜉, is the minimum length scale over which the 
superconducting order parameter can vary significantly. it is responsible for the weakening of 
the pair potential at surface and interface and appearance of the inter-grain Josephson 
junctions in ceramics or the twin boundary junctions in single crystals [13]. This results to 
glassy behaviour observed in ceramic samples as well as single crystals. 
London penetration depth can be evaluated from the exponential decay of magnetic field as  
/
0(x) B
LxB e
         2.16 
Here
2 2
0/L sm n e   is the London penetration depth. It shows the distance over which 
boundary currents (shielding currents) circulate to nullify the applied external field. As shown 
in the equation , it is controlled by the superfluid density 𝑛. The london penetration depth has 
both fundamental and technological relevance. For instance, the d-wave pairing symmetry in 
cuprates [14] and the two gap nature in MgB2 [15] was revealed from temperature dependence 
of the penetration depth. Again, it affects the inductance of a superconducting microstrip in 
technological field [16] 
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From the two lengths, Ginzburg Landau parameter (𝑘) which is the ratio of London 
penetration depth and coherence length (𝜆/𝜉) is obtained. This  𝑘  is significant since it is a 
criterion that describes the two types of superconductors. When  𝑘 < 1/√2), the material is 
referred to as type I superconductor and total magnetic flux is realised. Whereas if  𝑘 > 1/√2, 
it defines a type II superconductor which allows partial penetration of magnetic flux when the 
applied field is greater than 𝐻c1. The two lengths can as well be extracted from the lower 
critical field (2.17) and upper critical field (2.18) equations [17] 
𝐻𝑐1 = Φ0/(4𝜋𝜆
2)𝑙𝑛 𝜆/𝜉       2.17 
𝐻𝑐2 = 𝛷0/(2𝜋𝜉
2)        2.18 
Here 𝛷0 = ℎ/2𝑒 is the quantum of flux. Typical  magnetic penetration depth 𝜆(0) = 170 nm 
and coherence lenght 𝜉ab = 5.7 nm in MgB2 have been obtained [18] 
2.2.6 Flux Flow and Flux Creep 
Magnetic fields enter the HTSC ceramic material in form of fluxons at fields greater than the 
lower critical field of a Josephson junction. As a result, flux gets pinned at pinning sites in a 
superconductor. The interaction between pinned magnetic field lines and the current which is 
induced by electric field gives Lorentz force [18]. At a critical point defined as 𝐹𝑝 = 𝐹𝐿 = 𝐽 ×
𝐵 (that is, the pinning potential is equal to Lorentz force), where 𝐽 and 𝐵 are current density 
and magnetic field respectively, the field lines are fully pinned.  
When the current gets large enough, Lorentz force is strong and exceeds pinning potential, the 
fluxon velocity 𝑣 is limited by the viscous drag exerted by the surrounding medium, through 
the force balance 𝛷0𝐽 = ƞ𝑣 giving [6]  
𝑣 =
1
ƞ
𝛷0𝐽         2.19
  
upon multiplying 𝑣 by 𝐵, electric field 𝐸 can be expressed as  
𝐸 = 𝐵𝑣 =
𝐵
ƞ
𝛷0𝐽 = 𝜌𝑓𝑓𝐽        2.20  
The 𝜌𝑓𝑓 =
1
ƞ
𝐵𝛷0  is the flux flow resistivity. This can as well be written as [20] 
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𝜌𝑓𝑓 = 𝜌𝑛
𝐵
𝐵𝑐2
=
𝑛𝜙0
𝑐𝑛ƞ
        2.21 
where 𝑛 = 𝐵/𝛷0 , η, 𝜌𝑛, and 𝐵𝑐2 are the fluxon number density,  coefficient of the viscous 
drag,  normal-state resistivity and  the upper critical field respectively. 
Apart from Lorentz force, thermal energy ( 𝐾𝑇) may induce hopping of pinned fluxons from 
their pinned positions. The depinned fluxons will move or creep in order to relax the critical 
state field gradient [6]. The hopping rate from pin site is determined by Boltzmann factor 
𝑅 = 𝑣0𝑒
−𝑈/𝐾𝑇       2.22 
where 𝑈 is the height of the activation barrier and 𝑣0 is some microscopic frequency with 
which fluxons tries to escape the pinning site.  
2.2.7 Flux Pinning 
Flux flow and flux creep that can be experienced in a superconductor  has been discussed in 
the previous section.  This results to flux flow resistivity hence the 𝐽c is suppressed. This 
sounds an anathema to HTSC-related applications. One way of increasing  𝐽c is by enhancing 
pinning ability of a superconductor [21]. Although ceramic samples can pin vortices naturally 
through imperfections such as grain boundaries, twin boundaries, impurities (superconducting 
and non- superconducting), defects and voids [22], artificially engineered defects are needed 
to add more pinning sites to a sample.  
There are a variety of ways to artificially increase pinning centers and they include; addition 
of second phase [21], compositionally modulated superlattice [23], magnetic particles [24] 
columnar defects and ion irradiation [25].At the pinning centers, superconductivity is 
suppressed and the normal core finds it energetically favourable to reside there [26]. The 
maximum pinning energy per unit length in this case is the superconducting condensation 
energy in the volume of the vortex, given by equation 2.23 [27].  
 
22 2
0(H / 8 ) / 8 (T)~cp cU           2.23 
Here 𝐻𝑐, ξ,  Ф0,and  𝜆(𝑇) are the  thermodynamic critical field, the coherence length,  the flux 
quantum, and the temperature dependent London penetration depth respectively. The pinning 
energy drops as 𝑇 − 𝑇𝑐  due to increase of λ as 
2 2(0) / (T) (1~ T/ T )c    [27]. 
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The extent of pinning in a superconductor material defines the kind of surface resistance as 
shown by Coffey and Clem [28]. They established that at strong pinning regime where 
penetration depth is greater than the flow penetration, the surface resistance is given by 
𝑅𝑠 = (𝜂
2𝜔2/𝑘3/2)√𝛷0𝐵/𝜇         2.24 
And when there is a weak pinning coming as a result of creep penetration depth being greater 
than the flow depth the surface resistance is given by 
𝑅𝑠 = √𝐵𝛷0/2𝜂𝜇         2.25 
where 𝜇 is the permeability, 𝜔 the microwave frequency, k the pinning constant, η the 
viscosity and 𝛷0 the quantum of flux.  
In low magnetic field radio/microwave absorption of HTSC, the manifestation of pinning is 
depicted by the hysteresis (see figure 2.4). The hysteresis phenomenon can be explained 
pertinently by a two-level critical state model [29] which is covered in non-resonant 
radio/magnetic features section in this piece of work. 
 
 
Figure 2.4: Signal depicting hysteresis measured on  ZFC YBa2Cu3O7 bulk samples at 78 K [29]. 
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2.2.8 Penetration Depth of Josephson Junction 
In a superconductor without any weak links, magnetic field penetrates into the bulk of the 
superconductor to a depth equal to the London penetration depth 𝜆L. However, in a 
superconductor such as high 𝑇c oxides ceramic pellet, the magnetic field penetrates first into 
the Josephson junctions, whose penetration depth is much larger than London penetration 
depth [26].  
In response to a weak magnetic field, 𝐻0 ≪ 𝛷0/(2𝜋𝜆𝑗𝑑), the junction will set up screening 
currents given by equation 2.23 which corresponds to that in a bulk sample to stop field 
penetration. 
   
/
0
jxH x H e

           2.26 
The quantity 𝜆j is referred to as the Josephson penetration depth and it epitomises the depth of 
magnetic field penetration into the Josephson junction. It has dimensions of length and can be 
expressed as 2.27 [30]. It offers essential information  in regards to solotons dynamics in long 
Josephson junctions (long Josephson junctions are junctions with one dimension larger that 
Josephson depth [31] 
1/2
0
02
j
cj d


 
  
 
       2.27 
Where 𝜇0 = 4𝜋 × 10
−7 Hm−1, Φ0 = 2.07 × 10
−15 Wb,  𝑗c is the critical current density 
through the junction given in Am−2 and 𝑑 is expressed in 𝑚. For instance, niobium material 
has a value of ~21μm [31]. 
2.2.9 Lower Critical Field of Josephson Junction 
The expression of free energy of an individual Josephson vortex in an infinite junction is 
given as  
0
0
4 c
j
j
W
c



         2.28 
And when this junction is subjected to an external magnetic field 𝐻0, the Gibbs free energy of 
a Josephson vortex can be represented as 
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0 0 0 0 / 4G W H           2.29 
When the applied external magnetic field is adequately weak, the Gibbs energy 𝐺0 > 0 and 
the Josephson vortex will not enter the junction as it is energetically unfavourable. However, 
when the external field is equal, 𝐻cj1  Gibbs energy equals to zero and the vortex penetrates 
the junction. The 𝐻𝑐𝑗1 is the lower critical field of Josephson junction given as [30] 
0
1 2
2
cj
j
H
d 

         2.30 
However, this value is small. In YBCO, the value is believed to be in the region of 1.7 Oe 
[32]. 
2.2.10 Surface Impedance 
Surface impedance measurement is one of the most indispensable ways of characterising a 
superconductor-material. Having the information of the complex surface impedance of a 
superconductor 𝑍s(𝜔), its interaction with electromagnetic wave at frequency 𝜔 can be 
determined [33] . For a superconductor occupying the half space, 𝑧 ≥  0, the microwave 
surface impedance is a ratio of electric field and magnetic field on the surface of a 
superconductor which is defined as  
 
0
(z 0)t
s s s
s
E
Z R iX
J z dz


  

       2.31 
where the 𝐸t (𝑧 =  0) is the tangential electric  field at the plane boundary of 𝑧 =  0, and 𝐽s 
is the surface current density  flowing parallel to the plane boundary [34]. The surface 
impedance has a relationship with a complex wave number (𝛽) of a plane wave penetrating 
into the metal given as [35] 
0 / sZ        2.32 
In Equation (1), the real part, 𝑅s, and the imaginary part, 𝑋𝑠, are called the surface resistance 
and surface reactance, respectively 
2 2 3
0
1
2
s n n LR x           2.33 
0s LX           2.34 
38 
 
where 𝜇0 is the free-space permeability,   is the angular frequency of the microwave 
radiation, nx  is the fraction of the normal fluid, 𝜎n is normal-state conductivity, and 𝜆L is the 
temperature-dependent London penetration depth [ 34] 
 
According to the two-fluid model the expression for 𝜎n and 𝜆L are given as [35]  
   2 201 /n Lx T           2.35 
 
   
4
0 / 1 /L cT T T         2.36 
 
From equation 2.33, important information on surface resistance can be obtained which is 
crucial in applications of superconductors in passive microwave devices. Also, fundamental 
parameters such as London penetration depth can be extracted from equation 2.44. 
Furthermore, by knowing the surface resistance of a superconductor, microwave power 
dissipated can be expressed as   
21
2
P RH         2.37
    
This expression is invoked when dealing with low field microwave absorption measurement. 
Since the microwave power absorption obtained is in derivative form, the derivative of 
equation 2.37 is used [36]. 
21
2
dP d
RH
dH dH
        2.38 
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2.4 Non-Resonant Radio/Microwave Absorption Features  
 
Non resonant microwave/radio frequency microwave absorption has shown a lot of features 
worthy to mention. This section briefly  highlights some of these features. 
The second and third peak  
Non-resonant microwave absorption line shape in HTSC superconductors have shown many 
complicated but most appealing features. Among these features is the appearance of 2
nd
 peak 
and 3
rd
 peak in Bi2212 superconductor.  Before we discuss these two peaks, it is paramount to 
mention of the first peak (central narrow signal) that occurs near zero magnetic fields [37, 38].  
This signal occurs as a result of microwave loss emanating from Josephson junction in the 
inter-granular region. The peak can be explained pertinently by Dulic model [39] where the 
critical current of Josephson junction is reduced,  as magnetic field easily enters the sample 
via inter-granular weak links.  
The 2
nd
 peak has been explored by [34, 41 - 43].  Rastogi et al [40] attributed this 2
nd
 peak to 
be from intrinsic Josephson coupling between 𝐶𝑢2𝑂 layers while Masiakowski et al [41] 
suggested that it  originates from second phase in the sample. Methodical studies by Srinivasu 
et al [42]showed that this peak not only depends on mutual orientations of the crystal ab 
plane, the DC field and the magnetic field but also it depends on microwave power.  
On the same light, work has been done on aged Bi2212 single crystals and a 2
nd
 and 3
rd
 peak 
which evolves with microwave power has been noted. These two peaks have been attributed 
to microwave loss resulting from decoherence and destroying of the otherwise microwave 
power induced phase locking of junctions [43]. 
Absorption spectral lines 
Equally spaced, narrow anisotropic absorption lines which depend on temperature, field 
modulation and microwave power were observed in single crystals of YBCO superconductors 
[44 - 47]. Blazey et al [44, 45] showed that the lines can be fitted by the expression 𝐻𝑐𝑜𝑠𝜃 =
±(𝑝 + 1/2)𝛥𝐻, with 𝑝 being an integer. They further alluded that the lines were associated 
with the motion of fluxons into the regular arrays of twin planes.  
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These spectral lines are elucidated by Owens to be emanating from phase jumps in a 
superconducting loop [47]. It is argued that because flux is quantized in a superconducting 
loop, as the applied field increases, phase jumps are experienced. The phase jumps occur 
when the field enclosed becomes an intergral multiple of the unit quantum of flux. These flux 
jumps occur in a very short time and therefore produce voltage pulses given by 𝑉(𝑡) =
−(ℎ/2𝑒)𝑑𝜃/𝑑𝑡. When this occurs the critical current of the superconductor is exceeded and 
the normal current flows which can absorb microwave energy. 
Magnetic shielding effect 
Magnetic shielding effect is one of the most exploited characteristic when identifying a 
material sample in the fabrication of low field microwave-related devices. This effect was 
explored in details on pure YBCO thin film superconductor and silver doped YBCO thin film 
superconductor at both small and high field modulation fields by Srinivasu et al [48]. They 
found that Ag-doped YBCO thin films showed better shielding properties compared to 
undoped YBCO thin films. They attribute this difference to improved microstructure in Ag-
doped YBCO resulting from good grain alignment and grain enlargement.  
Phase reversal 
‘Phase reversal is the changeover from a maximum at zero magnetic field and the decrease 
with the increasing field to a minimum at zero field and the increase with increase field [49]. 
This anomalous feature has been observed in different forms of samples [49, 50]. In powder 
sample of YBCO superconductor, the signal evolves with rf power whereby at lower rf 
power, the rf absorption has a minimum at zero dc-field, 𝐻𝑑𝑐, and increases monotonically 
with increasing 𝐻𝑑𝑐. At higher rf power level the phase of the dc field is reversed.  
At higher 𝐻𝜔,  this anomaly has been interpreted to be from a non-linear response of weakly 
connected superconducting rings distributed in the powder sample [50]. On the other hand, 
temperature dependent anomalous absorption has been revealed and a model of an effective 
medium theory which treats a sample as a percolating network consisting of superconducting 
regions separated by normal metallic regions is invoked to explain this feature [49]. 
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Magnetic hysteresis 
Anomalous hysteresis where the forward curve lies above the return curve when magnetic 
field is swept forward and backward has been noted in HTSC [29, 36, 51, 52]. In BSCCO 
superconductor, Tripathy et al [36] attributed it to originate from absorption response in 
different types of weak links forming Josephson junctions. They used a combination of Portis 
and Dulcic model to systematically calculate the observed signal.  
Magnetization measurement on the same superconductor material has been done and the 
anomaly interpreted to occur as a result of fluctuation coming from layered structure and high 
anisotropy [51]. Padam et al have also argued that the generation and detection of energy 
stabilized Josephson junction (ESJ) fluxons may be the cause of the anomaly [52]   
Ji et al [29] proposed a two level critical state model to elucidate the anomalous hysteresis 
observed. They pointed out that in granular materials; inter-grain and intra-grain are distinct 
with different critical current density values.  A larger critical current density 𝐽𝑐𝑔 inside the 
grains and a much weaker one 𝐽𝑐𝑗 reflecting the inter-granular Josephson coupling.  
The model further assumes that on a microscopic level, the flux density averaged over a scale 
of many grains should have a gradient determined by the macroscopically flowing inter-
granular critical current density 𝐽𝑐𝑗. On the local level within single grains, a critical state 
established with flux density gradient determined by the intra-granular critical current density 
𝐽𝑐𝑔.  
The flux density in the grain boundaries influences this local critical state by supplying the 
effective external field. Again, they argued that two types of fluxons namely grain pinned 
which are pinned by pining centers within grains and grain boundary free-fluxons which 
passes through weakly superconducting regions. It is this free fluxons which are responsible 
for electromagnetic loss.  
They successively expounded all the hysteresis features on YBCO  pellets and 𝑁𝑏 − 𝐶𝑢 − 𝑁𝑏 
array system. The model has been invoked to elucidate the anomalous hysteretic features on 
radio frequency magnetoabsorption in YBCO-Ag and BSCCO superconductors [53], and on 
microwave studies of 𝐵𝑖1.6𝑃𝑏0.4𝑆𝑟2𝐶𝑎2𝐶𝑢3𝑂10+𝑥  superconductor  [54]. 
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Surface barrier effect 
Surface barrier effect arises as a result of the interaction of a vortex with its mirror image and 
shielding currents on the surface. It is characterized by  zero magnetization in the reverse 
sweep of the external magnetic field and penetration 𝐻𝑝 field higher than 𝐻𝑐1 as reported by 
Rastogi [55]. This effect was observed in superconducting thin films of 𝑌𝐵𝐶𝑂.  
A vertical hysteresis on the NRMA signal which had unusual temperature dependence i.e it 
increased with increase in temperature up to 𝑇𝑐 while the signal intensity decreased was noted. 
It was attributed to be from the difference in magnetization in forward and reverse field 
sweeps which agrees with one of surface barrier characteristics[55]. 
Oxygen deficiency 
Modulated microwave absorption studies on YBCO superconductor by Puri et al [46] showed 
periodic oscillations with two different frequencies which they designate as signal type A and 
type B in their work. They interpreted the oscillations to come from at least two different 
kinds of microwave sensitive Josephson junctions. Further they observed that both signals 
have different dependences on microwave power, temperature and field modulation. They 
suggest that oxygen deficiency in the YBCO single crystals acts like Josephson junctions 
which brings about the low field microwave absorption observed. 
Large ac loss in superconducting state 
Chockalingam et al  [56] observed a unique behaviour on radio frequency loss measurement 
of BSCCO material. They noted a larger ac loss in the superconducting state than in the 
normal state. They also observed two distinct peaks namely peak A and peak B as indicated in 
their work. They noted a decrease in amplitude of peak A with increasing magnetic field.  
However, the amplitude increased as the orientation of sample changed from 00 to 900. They 
explained this unusual ac loss in superconducting state in terms of repetitive coupling and 
decoupling of Josephson junction (see model of coupled and decoupled Josephson junction). 
Peak A is explained in terms of critical current density corresponding to the coupling energy 
and peak B occurs as a result of Lorentz-force- driven motion of vortices [ 56, 57]. 
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Paramagnetic Meissner effect 
Paramagnetic Meissner effect (PME) often known as Wohlleben effect is an abnormal 
paramagnetic response of a given superconducting samples of HTSC to an application of 
weak magnetic fields [58, 59]. Samples with this effect have shown an anomolous microwave 
absorption that has a local maximum absorption at zero applied magnetic field instead of a 
minimum absorption [58- 60] 
Detailed studies indicate that this effect come as a result of presence of 𝜋 junctions [61]. 
Braunisch W et al [62] points that the effect is extrinsic and is associated with certain 
mesoscopic defect structures that favour formation of Spontaneous orbital currents in the 
ground state. Morever, Knauf et al [59]noted that different sizes of grains of Bi2212 showed 
this effect and the critical current density of the  𝜋 junctions involved with Spontaneous 
currents must be of order 105 − 106 𝐴/𝑐𝑚2. Consequently, they concluded that this large 
current is from the 𝜋 junction in intragrain rather than intergrain and the effect is anistropic in 
nature. In the case of aligned powders, it is strongest for magnetic fields parallel to the c-axes. 
 
2.5 Radio Frequency and Microwave Loss Mechanisms 
In a superconductor, an application of  DC current of a constant value implies no power is lost 
(zero resistance). However, when an AC current is applied, a resistance (𝑅 = 𝑉𝑟𝑚𝑠 /𝐼𝑟𝑚𝑠) is 
experienced which results to power dissipation (𝑃 = 𝑉𝑟𝑚𝑠
2/𝑅). A lot of experimentalist and 
theorists have put forth possible explanations for the origin of this AC loss and they include: 
flux damped motion [63], loss due to shaking of vortices [64] loss in the inter-granular 
Josephson junction [65], vortex normal state [66] and flux flow [67]. There is no single model 
which explains all the observations in low field microwave absorption and as a result we have 
picked the most appropriate that fit our data. 
2.5.1 Portis Model 
In HTSC superconductors, the misalignment of superconducting grains, the availability of 
second phase, voids and cracks leads to suppression of the order parameter as mentioned in 
the previous chapter. This leads to weak link behaviour in a material which properly acts as 
Josephson junction. When an external magnetic field exceeding the lower critical field of 
Josephson junction is applied to a sample, fluxons (vortices) starts to penetrate. Fluxon 
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velocities within weak Josephson junction are orders of magnitude smaller than in bulk due to 
lower viscosity in Josephson junction [29].  
The spatial variation of microwave field in the Josephson junction induces microwave current 
which forces fluxons to oscillate according to the equation of motion [63]. 
  2 2 0/ / 1/ id x dt dx dt kx c j         2.39 
where 𝜇 is the mass per unit distance,𝑘 is a restoring force and  𝜂 = 𝜙0
2/𝜌𝑐2𝑠 is the 
viscosity. The moving fuxon induces a dissipative current that flow through a normal region 
[68].  
The resultant resistance and reactance are given by equation 2.40 and 2.41 respectively [63] 
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With  𝐵0 = 8𝜋𝜔𝜇𝜆
2𝜂/𝛷0  which is treated as a measure of the effective field above which 
flux-flow dissipation dominates the loss process and 𝑋0 = 4𝜋𝜔𝜆μ
3/2 is the impedance at zero 
magnetic field. The 𝜆 , ω , η,  µ and 𝛷0 are the London penetration depth, the microwave 
frequency,  the coefficient of viscosity experienced by the moving fluxons,  the magnetic 
permeability and the unit flux respectively. The B is the field inside the sample and 𝑓 stands 
for the fraction of free or weakly pinned fluxons.  
2.5.2 Dulcic Model 
Dulcic et al [39] proposed electromagnetic power loss in a superconductor to occur in the 
inter-granular Josephson junction. It is well known that at lower magnetic field the weak links 
between the superconducting grains provide superconducting paths for the meissner shielding 
across the whole sample [22]. Increasing magnetic field reduces the critical current of the 
Junction by a reduction factor, 𝐹(𝐻) = [sin (𝜋𝐻/𝐻0)/(𝜋𝐻/𝐻0)]. Consequently, more 
magnetic fields penetrate the superconductor and loss occurs. Here 𝐻0 is the magnetic field 
value for which the junction contains only one quantum of a flux, Φ0 and is given as [42]. 
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0 0 / (2 t)H L           2.42 
Φ0 = ℎ𝑐/2𝑒 is the flux quantum, L is the junction length, 𝜆 is the London penetration depth 
and t is the junction thickness. By considering Josephson junction as resistively shunted 
Josephson junction, they argued that transport current of this junction comprises of a 
boundary current 𝐼0 resulting from magnetic field sweep and which is superimposed on 
microwave induced current 𝐼𝑚𝑤𝑐𝑜𝑠𝜔𝑚𝑤𝑡. Hence the junction can be represented by a 
differential equation; 
2
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In the absence of microwave field, the phase would adjust to an equilibrium value 𝜙0. The 
microwave current will induce small oscillations in the phase around 𝜑0 that is 𝜑(𝑡) = 𝜑0 +
𝜑𝑚𝑤(𝑡). Neglecting the capacitive term, the power absorbed in the junctions takes a simple 
form  
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where 𝜂 is a junction parameter defined by equation 
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For low field microwave absorption signal shape is given by an expression 
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where R, 𝜔𝑚𝑤, 𝜔𝑚, η, and 𝜑0 are the junction resistance, the microwave frequency, the 
magnetic field modulation frequency, the junction coupling parameter and the equilibrium 
phase difference of the wave function of the superconducting electrons across the junctions. 
The first term of the equation gives the reversible phenomena which is independent of the 
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field sweep direction. The second term is hysteretic (irreversible) and it accounts for the 
hysteresis since it changes sign when field is reversed (𝜑0 → −𝜑0).  
2.5.3 Model of Decoupled Josephson Junction (JJ) 
Josephson junction decoupling is simply the breaking of a Josephson junction such that it 
transforms to the normal state by the application of current, magnetic field, or heat energy. On 
the process, energy is absorbed or released [57]. It is known that the Josephson coupling 
energy between two superconducting grains is given by 
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where Φ and Φ0 = ℏ𝑐/2𝑒 , are the flux produced by the magnetic field and the flux quantum  
respectively. The  𝐹(𝑇) is a factor dependent on temperature which is given by the AB theory 
as 
   (T) (T) / (0) tanh (T) / 2KBF T         2.48 
Where  𝛥(𝑇) is the temperature-dependent gap parameter and 𝛥(0) is the gap at 𝑇 = 0: 𝐼0 is 
the maximum Josephson current given by 𝐼0 =
𝜋𝛥(0)
𝑒𝑅𝑛
 where 𝑅𝑛 is the normal state resistance 
of the junction. 
When an rf current or an rf field is applied, current is induced. If the induced current is less 
than the critical current 𝐼c, phase locking is established and the system is governed by, 
𝐼0 = 𝐼𝑐 sin 𝜑 and there is no loss under this condition. However, when 𝐼0 > 𝐼c, the junction 
absorbs energy and the junction is decoupled resulting to losses. So, the total energy loss can 
be given as  
 𝑃 = 2𝑓𝑁𝐸𝑗         2.49 
where 𝑓, 𝑁,and 𝐸𝑗 are the frequency of the ac,  the total number of Josephson junctions that 
keep on breaking and forming due to the flow of ac, and the Josephson junction decoupling 
energy respectively [56]. 
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2.6 Electron Spins Resonance Spectroscopy 
The electron spin resonance spectroscopy entails interaction of intrinsic magnetic moment of 
electrons and electromagnetic radiation. Spectroscopy simply means measurement and 
interpretation of the energy difference between the atomic or molecular states [69]. It is 
applicable to systems with one or more unpaired electrons. By invoking Planck’s law, the 
energy difference 𝛥𝐸 can be obtained by the expression 
 
𝛥𝐸 = ℎ𝑣          2.50
    
where ℎ = 6.63 × 10−34 𝐽𝑠 is the plank constant and 𝑣 is the frequency of the radiation. 
 
From the energy difference obtained, fundamental properties of a material regarding dynamic, 
identity and structure, of the sample are realised [70]. 
 
It is important to note that an electron possess an intrinsic momentum called spin which 
makes it behave as magnetic dipole with a magnetic moment, 𝜇.  
 
𝜇 = ℎ𝛾𝑒𝑆 = −𝑔𝐵𝑒𝑆         2.51 
 
where 𝛾𝑒is the magnetogyric of an electron, 𝑔 = 2.00232 is the g-value of a free electron,   
𝐵𝑒 = 𝑒ħ/2𝑚𝑒 is Bohr magneton which converts the angular momentum to magnetic moment 
in electromagnetic c.g.s units and 𝑆 = ±1/2 is the spin of an electron. 
 
When magnetic field 𝐵 is applied, two energy levels of a magnetic moment 𝜇 of this electron 
are produced as shown in figure 2.5. The lowest energy level is realised if the moment of the 
electron is aligned parallel with the magnetic field 
 
 𝐸−1/2 = −1/2𝑔𝐵𝑒𝐵        2.52 
 
and highest energy level  obtained when moment is aligned antiparallel to magnetic field 
 
𝐸+1/2 = 1/2𝑔𝐵𝑒𝐵         2.53 
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Irradiation at frequency 𝑣, which matches the energetic difference 𝛥𝐸 = 𝐸+1/2 − 𝐸−1/2 
between two states, results in absorption 
  
𝛥𝐸 = ℎ𝑣 = 𝑔𝐵𝑒𝐵0         2.54 
 
This is solely the working principle of an electron paramagnetic resonance spectrometer. The 
discussion in this subsection was obtained from [71]. 
 
 
Figure 2.5. Induction of spin states as a function of magnetic field B. 
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CHAPTER THREE 
SAMPLE CHARACTERIZATION 
 
Sample characterisation requires powerful tools and techniques which can guarantee 
unambiguous and easy to interpret results. So, we have employed scanning electron 
microscopy (SEM), atomic force microscopy (AFM) and non-resonant microwave absorption 
technique (NRMA) to probe SmFeAs(O,F) sample. The SEM and AFM have been used to 
investigate the microstructure and topography whereas NRMA has been used to investigate 
electromagnetic response. This chapter elaborates the working principles of each of the 
equipment and technique (s) employed. 
3.1 Scanning Electron Microscopy (SEM) 
 
SEM is a pertinent tool in characterising the  microstructure of a sample because it affords an 
extremely better resolution compared to the optical microscope. It basically consists of two 
main components namely; the electron console and the electron column [1].  The electron 
console houses adjustable knobs and switches which are responsible in regulating and 
adjusting accelerating voltage, magnification, filament current , contrast and brightness.  
The sole purpose of an electron column is to generate, focus and scan the electron beam on 
the specimen[1]. The electrons are produced by thermionic emission where a filament made 
of a thin tungesten wire is heated to a temperature of about 2800 K and then flown to an 
anode by applying a positive accelating voltage  (1 to 30kV)[2]. Electron gun can as well be 
of lantanum hexaboride (LaB6), field emission or Schottky-emission [3] . 
When the electron beam interacts with the specimen, several signal types such as secondary 
electrons, backscattered electrons, x-ray, Auger electrons and cathadoluminescence are 
realised. It is the secondary electrons and backscattered which are often  used for SEM image 
generation.  Secondary electrons (SE) are less than 50 eV and are formed by inelastic 
interactions when electron beam impinges electric field of a specimen while backscattered 
electrons are formed through elastic interactions which occurs between electron beam and the 
nucleaus of the specimen [3].   
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To create a SEM image, scanning/rastering of the sample surface is done using electron beam 
which emanate from the electron gun (see figure 3.1). More importantly, each position or 
point in the sample surface will uniquely emit electrons which are sensed by electron detector. 
Then by using a synchronized cathode ray oscilloscope (CRT) or a computer, the morphology 
of the sample can be observed [4]. 
 
In this work, SmFeAs(O,F) sample was mounted on an aluminium stub using a carbon tape 
and then observed under JEOL JSM-7500F (figure 3.2) field-emission scanning electron 
microscope (FE-SEM).   
 
Figure 3.1: a schematic block diagram of SEM [5] 
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Figure 3.2: A picture of SEM used in this work, JEOL JSM-7500F 
 
3.2 Atomic Force Microscope (AFM) 
 
Atomic force microscope (AFM) or scanning force microscope (SFM) as often referred to, is 
one of the scanning probe microscopy (SPM) used to assess the surface topography by using  
a sharp tip that raster (scans) relative to material-sample surface . It was proposed by G 
Binning et al [6] in 1986 as a way of overcoming the limitation of sample conductivity 
required in Scanning tunnelling microscope (STM) which only limited the characterisation of 
surfaces of metals and semiconductors. They hinted measuring of atomic force between tip 
and sample instead of tunnelling current in STM. This provided a platform for characterizing 
insulators in an atomic scale as well [7]  
AFM (figure 3.3) consists of a cantilever with a probing tip attached to its end which is used 
to scan the sample surface. The probe is attached to a piezoelectric scanner tube, which scans 
the probe across a selected area of the sample surface. Interatomic forces between the probe 
tip and the sample surface cause the cantilever to deflect as the sample’s surface topography 
changes. A laser light  reflected from the back of the cantilever measures the deflection of the 
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cantilever. This information is fed back to a computer which generates a map of topography 
and /or other properties of interest [4].  
Two modes of measurements i.e contact and noncontact are done by AFM. In noncontact 
mode, the separation between the tip and the sample ranges from 10 to 100nm. Forces such 
as van der Waals, electrostatic and magnetic can be sensed and then utilized in topography, 
magnetic force microscopy and electrostatic force microscopy measurements among many 
more. On the other hand, in contact, the separation is so smaller in the order of Å between the 
tip and sample. In this mode, high resolution images of surface topography are obtained 
through ionic repulsion forces [8]. 
We have used nanosurf easy scan 2 AFM to determine the topography. A static mode was 
employed with CONTRpt cantilever to scan the sample. The sample was firmly mounted to 
the stage by using a double sided cellotape.  
 
 
Figure 3.3: A schematic diagram of AFM showing how imaging is done [9]. 
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Figure 3.4: A picture of AFM used in this work, Nanosurf. 
 
 
3.3 Non-Resonant Microwave Absorption (NRMA)Technique 
 
Non resonant radio frequency/microwave absorption (NRMA) or magnetically modulated 
microwave absorption (MMMA) technique is a highly sensitive, contactless and non-
destructive technique used for detection and characterisation of superconductivity even in a 
sample containing iota traces of the superconducting phase [10]. The absorption comes from a 
contribution of three magnetic fields namely; the sweep magnetic field, microwave magnetic 
field and modulation of external field.  
This technique is related to important fundamental superconducting parameters and 
manifestations such as critical current density through which critical field 𝐻∗ and penetration 
depth 𝜆 are determined [11, 12], irreversibility line [13], vortex dynamics state [14] and 
anomalous hysteresis [15] among many more. Besides, it can be used to distinguish between 
weak link superconductivity and bulk superconductivity [16]. The aforementioned physical 
and technical relevance of this technique justifies why it is a common means of characterising 
superconducting materials hence its use in this study. 
The technique was discovered by Bhat et al [17] during an attempt to study the EPR of 𝐶𝑢2+ 
in ceramic sample of YBa2Cu3O7−x in which a non-resonant microwave line shape signal 
centered around zero magnetic field (see figure 3.5) was observed. The signal was reported 
by many authors afterwards [18 -22].  
59 
 
The signal has been found to have the following fascinating characteristics namely; (1) It 
occurs below the transition temperature 𝑇𝑐 i.e in the superconducting state [17] (2)  It is very 
sbensitive to temperature variation, magnetic field modulation amplitude and microwave 
power [23], (3) It has different characteristics depending on the nature of the sample whether 
a single crystal, polycrystalline or thin films [10,  24], (4) Its hysteresis is similar to the one 
obtained in standard DC magnetic hysteresis of high temperature superconductor [25] and (5) 
it depends on sample surface area, shape and particle size [26] 
 
Figure 3.5: Line shape of YBCO superconductor sample in forward and reverse field sweep. Adopted 
from [17]. 
 
The method involves the use of an electron paramagnetic resonance (EPR) spectrometer to 
record the ‘Non-resonant’ response of the superconductors to electromagnetic radiation as a 
function of temperature and magnetic field.  It is of essence to note that an EPR spectrometer 
was initially designed to measure the ‘microwave absorption due to magnetic dipolar 
transition which occurs if the energy difference between two spin levels of the compound, 
subjected to a variable DC field is equal to the microwave frequency’ [27]. This is explained 
on electron spin resonance spectroscopy section.  
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In this work, EPR is used purely as a sensitive microwave device. Figure 3.6 shows a block 
diagram illustrating how microwave measurements are obtained in an ESR spectrometer. The 
klystron (monochromatic source) produces microwaves of 200 mW. Then the microwave 
radiation transferred to an attenuator by means of a rectangular, hollow wave guide. Since 
microwave source cannot be varied easily, its power level is changed to avoid saturation[28, 
29].  
The attenuator is capable of reducing the 200 mW by a factor between 1 and106 hence the 
power reaching the sample at the cavity is precisely controlled.  The circulator then receives 
the attenuated radiations via the wave guide and forces it into the resonator/cavity. It uniquely 
directs all the microwaves coming from the attenuator to the cavity and those from the cavity 
to the detector.  
The work of the iris shown on the magnetic system part is to tune amount of radiation 
reflected back out of the cavity.  The reflected radiation from the cavity is channelled to the 
detector diode which converts the microwave power to an electric current. At the detector 
diode, some radiation may get reflected back to the circulator where they are directed to the 
wedge and converted into heat [28, 29].  
To ensure that the detector works at a constant current, the reference arm supplies it with extra 
microwave power. There is also a phase shifter to ensure that the reference arm microwaves 
are in phase with the reflected signal microwaves when the two signals combine at the 
detector diode [28]. The computer is used for two reasons namely; for data acquistions and to 
excute commands in an EPR spectrometer. 
In addition to the above components of EPR, the cryostat is compulsory for low temperature 
measurements. The cryostat neccessitates the temperature of the sample to be swept between 
3.8 K and 300 K.  In this work, a superconducting sample to be measured is put inside a 
quartz tube and located in the cavity at a maximum of the magnetic component of microwave 
field perpendicular to external stationary magnetic field.  
The cavity is located between the poles of a magnet. The external field is  modulated at 100 
KHz frequency and lock-in-detection is applied. With appropriate modulation amplitude, the 
detected signal gives a derivative of the microwave power dissipated in the cavity.  
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In this thesis, we have used a Bruker EXM spectrometer (figure 3.7) equipped with an oxford 
ESR 910 continuous flow cryostat operating at microwave frequency of 9.45 GHz to 
investigate electromagnetic radiation response of SmFeAs(O,F) superconductor. Interesting, 
NRMA lineshape is obtained. Effects of change of temperature, field modulation amplitude 
and microwave power on NRMA line shape have been investigated and presented in chapter 
four and chapter five. 
 
 
Figure 3.6. a schematic block diagram of EPR spectrometer [30]. 
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Figure 3.7: A picture of EPR used in this work, Bruker EXM spectrometer. 
 
 
3.31 Microwave absorption in iron pnictide superconductors 
 
Microwave absorption studies in iron-based superconductors has received relatively low 
attention as attested by the number of reported work thus far. In view of this, we shall attempt 
to give a a brief summary of the results reported.  
In polycrystalline SmFeAsO1−xFx (𝑥 = 0.06. 08 and 0.1) superconductor [13], the 
magnetically modulated microwave absorption (MMMA) was employed to define the 
position of the irreversibility line (irreversibility line is a boundary that shows regions with 
non-zero and zero critical current density on the magnetic-temperature phase of 
superconductor) and to estimate the critical current density of the three sample concentrations. 
A very steep ascent of irreversibility line with decreasing temperature was observed.  
Again, they compared the irreversibility line of SmFeAsO0.12F0.08 to cuprates 
superconductors and it was realised that the material had the steepest slope showing strongest 
pinning potential as depicted in figure 3.7. Another observation made was  that samples with 
lower concentration of fluorine had the weaker field dependence of the critical current. A fact 
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they attribute to a large number of pinning centers resulting from nanoscale inclusions of non-
superconducting (possibly magnetic) phase in smaller fluorine concentration.  
 
 
Figure 3.7: comparison of the irreversibility lines of SmO0.9F0.1FeAs and HTSC superconductors 
[13]. 
 
MMMA was also used in the study of Ba(Fe1−xCox)2As2 with 𝑥 = 0.07, 0.09 𝑎𝑛𝑑 0.11  
[31]. From the MMMA hysteresis, they were able to determine the kind of pinning and 
estimation of the critical current of the three 𝐶𝑜 concentrations. They observed that the 
underdoped crystal (0.07) had the steepest slope of irreversibility. A fact they attribute to 𝛿𝑇c 
pinning arising from non-superconducting (magnetically ordered) phase.  
In overdoped crystal (0.11), they affirmed that pinning is caused by structural imperfections 
due to an inhomogeneous distribution of cobalt dopant. However, for optimally doped crystal 
(0.09), at lower magnetic field it showed a 𝛿𝑇𝑐 (pinning  associated with disorder at critical 
temperature 𝑇c) pinning and at higher magnetic field 𝛿𝑙 pinning (pinning arising due to spatial 
variations in the charge carrier mean free path l and local lowering of the superconducting 
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order parameter near lattice defects) [31]. Other parameters obtained from their work are 
presented in the table 3.1.  
 
Table 3.1: Parameters 𝜇0𝐻𝑎 (applied magnetic field), 𝐽𝑐0 (critical current at zero temperature), n 
(index defined by type of pinning) and c′ (parameter that depends on material properties) for UD 
(under doped), OP (optimally doped) and OD (over doped) BaFe2As2 crystals [30]. 
 
Sample 𝜇0𝐻𝑎(𝑇) 𝑗𝑐0(𝐴 𝑐𝑚
−2) 𝑛 𝑐′(𝐾−1) 
UD 0.1 1.7 × 104 1.3 ± 0.2 (4.5 ± 0.5) × 10−4 
UD 0.45 1.5 × 104 1.1 ± 0.2 (5.8 ± 0.7) × 10−4 
OP 0.1 0.95 × 104 1.2 ± 0.2 (6.8 ± 0.8) × 10−4 
OP 0.45 0.88 × 104 2.6 ± 0.4 (4.6 ± 1.3) × 10−4 
OD 0.1 1.4 × 104 2.9 ± 0.5 (5.5 ± 1.2) × 10−4 
OD 0.45 1.9 × 104 1.9 ± 0.5 (9.8 ± 2.4) × 10−4 
 
 
 
 
 
 
 
 
 
 
65 
 
3.4 References 
  
[1]  http://www.sjsu.edu/people/anastasia.micheals/courses/MatE143/s1/SEM_GUIDE.pdf 
(accessed on 15
th
 November 2014). 
[2]  http://www.jeolusa.com/HOME/Search/tabid/176/Default.aspx?sb-
 search=SEM+A+to+Z&sb-inst=2_dnn_avtSearch&sb-logid=171815-
j12qzobs7ujfwjrs&sb-page=4 (accessed on 15
th
 November 2014) Scanning Electron 
Microscope A to Z. 
[3] Hafner B 2007 Scanning Electron Microscopy Primer, Characterization 
Facility.University of Minnesota, Twin Cities, USA (accessed on 14
th
  January. 2015). 
[4] Larry D. Hanke, P E 2001 Hanbook of Analytical Methods for Materials, Material 
evaluation and Engeneering, USA. 
[5] Goodhew P J, and Humphreys F J 1988 Electron Microscopy and Analysis, 2
nd
 ed., 
Taylor & Francis, London. 
[6] Binnig G, Quate C F and Gerber CH 1986 Phys. Rev. Lett.56 930.  
[7] Binnig G, Gerber CH, Stoll E, Albrecht T R and Quate C F 1987 Europhys. Lett. 3 
1281. 
[8] Meyer E 1992 Prog. Surf. Sci. 41 3. 
[9] Seeger A 2004 Surface Construction from AFM and SEM Images, University of 
Northern Carolina, USA (Phd Thesis). 
[10] Srinivasu V V, Thomas B, Hegde M S and Bhat S V 1994 J. Appl. Phys. 75  4131. 
[11] Stalder M, Stefanicki G, Warden M, Portis A M and Waldner F 1988 Physica C 153-
155 659. 
[12] Srinivasu V V Thomas B,Vasanthacharya, Hedge M S and Bhat S V 1991Solid state  
Commun. 79 713. 
[13] Panarina N Y, Talanov Y I, Shaposhnikova T S, Beysengulov N R and Vavilova E 
2010 Phys. Rev. B 81 224509. 
66 
 
[14] Itoh K I, Hashizume A, Kohmoto H, Matsuo M, Endo T and Mukaida M 2001 Physica 
C 357- 360 477. 
[15] Padam G K, Arora N K and Ekbote S N 2010 Mat. Chem. and Phys. 123 752. 
[16] Bhat S V 1994 Bull. Mater. Sci 17 1271. 
[17] Bhat S V, Panguly P and Rao C N R 1987 Pramana J. Phys. 28 425. 
[18] Dunny R, Hautala J, Ducharme S, Lee B, Symko O G, Taylor P C,  Zheng D J and Xu 
J A 1987 Phys. Rev. B 36 2361.  
[19] Stankowski J, Kahol P K, Dalal N S and Moodera J S 1987 Phys. Rev. B 36 7126. 
[20] Khachaturyan K, Weber E R, Tejedor P, Stacy A M and Portis A M 1987 Phys. Rev. B 
36 8309. 
[21] Rettori C, Davidov D, Belaish I and Felner I, 1987 Phys. Rev. B 36 4028. 
[22] Sasty M D, Dalvo A G I, Babu Y, Kadam R M, Yakhmi J V and Lyer R M 1987 Nat. 
330 49-51. 
[23] Bonvalot M, Puri M  and Kevan L 1992 J. Chem. Soc. Faraday. Trans. 88 2387. 
[24] Czyzak  B 1996 Supercond. Sci. Technol. 9 149. 
[25] Ji L, Rzchowski M S, Anand N and Tinkham M 1993 Phys. Rev. B 47 470. 
[26] Puri M, Masiakowski J T, Marrelli S, Bear J and Kevan L 1990 J. Phys. Chem. 94 
6094. 
[27] Shantlel D, Nidda H-A. K, Shapiro B Y, Bogoslavsky B, Rosenstein B, Shapiro I, and 
Tamegei  2010 Physica C 470 1937. 
[28] Gareth R E, David B S, Eaton S, Ralpha T and Weber 2010 Quantitative EPR, 
Springer, New York, USA.  
[29] http://www.auburn.edu/~duinedu/epr/2_pracaspects.pdf, Practical aspects (accessed 
on 14
th
 January 2015). 
67 
 
[30] Weil J and Bolton J 2007 Electron Paramagnetic Resonance, 2
nd 
ed., J. Wiley, USA. 
[31] Talanov Y et al 2013 Supercond. Sci. Technol. 26 045015. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
68 
 
 
CHAPTER FOUR 
TEMPERATURE DEPENDENCE OF NRMA LINE SHAPE 
 
4.1 Introduction 
 
With the advent of iron pnictides superconductors, the knowledge of complex resistivity in 
microwave range is vital as it provides foundational information in devices fabrication and an 
insight into fundamental physics of superconductors. Therefore, a special tool by the name 
NRMA is important.  It is of essence to mention that NRMA studies in cuprates have shown 
very fascinating and complex features which have prompted the derivation of various models 
to discern them.  
The features include paramagnetic Meissner effect [1, 2], the anomalous absorption which 
depends on temperature [3] and rf field [4], the anomalous hysteresis [5], magnetic shielding 
effect [6], surface barrier effect [7], spin glassy effect [8], second and third peak [9, 10], 
oxygen deficiency [11] among many more.  Further more, it has been established that NRMA 
signal depends strongly on the form of sample. For polycrystalline bulk and powder samples, 
intergranular grain boundaries governs NRMA signal whereas in single crystal and thin films 
the NRMA signal is of intragranular nature [12]. 
Thus far, high field sweep magnetically modulated microwave absorption (MMMA) studies 
have been reported in iron pnictides superconductors [13, 15, 34], but at low field sweep the 
microwave absorption is unclear. Here we report a systematic study of low field sweep 
NRMA on  SmFeAs(O, F) pellet as a function of temperature. We have found a structure in 
NRMA line shape with two peaks namely; a broad peak 1 and a narrow peak 2. The structure 
and NRMA line shape evolves as a function of temperature.  
4.2 Experimental  
 
Polycrystalline samples with nominal compositions of SmFeAs(O,F) were synthesized by a 
solid state reaction starting from SmAs, Fe, Fe2O3 and FeF2. The starting reagents were 
mixed and pressed into pellets under a pressure of 40 MPa and were sintered at 900 
0
C for 45 
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h in evacuated quartz ampoules [16, 17]. To characterize the sample, we eployed XRD, SEM, 
AFM and Magnetisation measurements. The AFM was used to characterize the surface 
morphology of the polycrystalline sample. We employed a static mode with a CONTRpt 
cantilever and the scanned area was 10 μm. Again, to determine the microstructure of the 
material sample, SEM was used. 
The NRMA measurements in SmFeAs(O, F) polycrystalline sample of 𝑇c = 46 K  were 
recorded using a Bruker EXM spectrometer equipped with an oxford ESR 910 continuous 
flow cryostat operating at 9.45 GHz and field modulation frequency of 100 Hz. Sensitivity of 
derivative of microwave absorption signals was enhanced by employing field modulation of a 
frequency of 100 Hz and a phase detector. Throughout our measurement, the sample was zero 
field-cooled to helium temperature. The DC magnetic field was swept from 0 G to 10000 G 
for high field measurements and from −250 G to 250 G for low field measurements. 
4.3 Results and Discussions 
4.31 Characterization of SmFeAs(O,F) sample 
 
The XRD patterns in figure 4.1  reveals that the main phase was SmFeAs(O,F) with weak 
peaks of SmOF and SmAs. Figure 4.2(a) shows a micrograph of a polycrystalline 
SmFeAs(O,F) as synthesized. Pores/voids can be seen which separates grain conglomerates. 
Figure 4.2(b) shows an image of high magnification revealing stripe-like grains with clear 
grain boundaries. It is important to note that these defects and grain boundaries reveals that 
the material is highly granular. These weak links results to the formation of current blocking 
paths hence rendering global current density orders of magnitude smaller than local current 
density.  
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Figure 4.1: Powder X-ray diffraction of SmFeAs(O,F) sample 
 
Figure 4.2. SEM images of SmFeAs(O,F) at (a) low magnification and (b)  high 
magnification. 
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The surface morphology of SmFeAs(O,F) was examined by using AFM. The sample was 
found to have a rough surface,  with surface roughness 1119.3 nm (figure 4.3a). The 
roughness is evident from what looks like pores and cracks in figure 4.3a and distinct steps 
shown on three dimension figure 4.3b. The AFM results is consistant with the findings 
obtained from the aforementioned SEM measurements. The room temperature DC 
susceptibility measurement (figure 4.4) has been measured in magnetic fields of 1 Oe to 
reveal the superconducting transition. The onset of diamagnetism is witnessed at a 
temperature of 46 K which we have designated as the superconducting transition temperature 
Tc and the transition is complete at 41 K. This is in good agreement with NRMA absorption 
measurements which depicts an NRMA signal at 42K as shown in the figure 4.6. 
 
 
Figure 4.3: AFM images (a) 2 D image (b) 3 D image 
a b
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Figure 4.4: Room temperature ZFC and FC magnetization curves of SmFeAs(O,F) under 
1Oe  from 2 to 62 K. 
 
4.32 NRMA of SmFeAs(O,F) sample 
 
Figure 4.5 shows high field sweep NRMA signal recorded at 6.06 K with field modulation 
amplitude of 5 G and incident microwave power of 0.710 mW. The field was swept from 0 to 
+ 10000 G. One can see an intense NRMA signal which is often observed when a 
superconductor is cooled below its transition temperature 𝑇c.  
Interestingly, a section of the structure we have labelled narrow peak 2 in this report (shown 
by an arrow in the figure 4.5) can be seen. The inset (a) shows an ESR signal measured at 
room temperature to act as reference phase control. The observed derivative NRMA signal at 
H = 0  has a phase opposite to the reference signal and increases with increase in magnetic 
field indicating a minimum absorption at H = 0. The inset (b) is the derivative NRMA signal 
obtained at low field sweep with pronounced structure consisting of a broad peak1 and a 
narrow peak 2.  The observation of this structure is a new result in the NRMA phenomenon of 
iron pnictides superconductors.   
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Imperatively, Panarina et al [13, 14] and Talanov et al [15] have done detailed MMMA probe 
on SmFeAs(O, F) polycrystalline samples and Ba(Fe1−xCox)2As2 single crystals materials 
respectively. They have explored pinning effects which reveal the irreversibility line, critical 
current density and the influence of thermal fluctuations on pinning center density.  Their 
study is dedicated more on intrinsic features which are explored at relatively high fields. 
Throughout their study, they did not observe the narrow peak 2.  So, in an attempt to unravel 
and understand the NRMA mechanisms and features at low field, we have narrowed our 
studies to low field scan of −250 G through 0 to +250 G. 
 
 
Figure 4.5: NMRA signal recorded from SmFeAsO (O,F) pellet at 6.06 K, with field modulation 
amplitude of 5 G and microwave power of 0.710 mW. The inset (a) is reference signal obtained at 
room temperature for phase control and inset (b) is NRMA signal of low field swept from -250 
through 0 to +250. 
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Figure 4.6 shows low field sweep NRMA signal evolving as a function of temperature. The 
field is swept from –  250 G to 250 G with field modulation amplitude of 5 gauss and 
incident microwave power of 0.710mW with a scan time of 2 minutes.  The NRMA line 
shape evolves as function of temperature and the signal exists up to 42 K as shown in the inset 
of figure 4.6. One can see that the broad peak 1 and narrow peak 2 varies with temperature 
until 39 K where the narrow peak 2 completely disappears.  
It is well known that the NRMA is a manifestation of granularity [12]. Due to short coherence 
length (𝜉𝑎𝑏 = 1.4 nm 𝑎𝑛𝑑 𝜉𝑐 = 0.8 nm) as reported in iron pnictides superconductors [18] 
non superconducting materials (normal or insulator) and other defects can form weak links. 
This is a similar scenario to cuprates where short coherence length of ~ 1.2 nm results to 
weakening of pair potential [19]. As a consequence a network of Josephson junctions both 
intergranular and intragranular are realised in a natural way.  
Qualitatively, the NRMA studies have been performed in cuprates by many authors [11, 12, 
20 - 24] and can be amply be described as emanating from Josephson junctions.  This occurs 
as follows; since the critical current 𝐼0 = 𝐼c𝑠𝑖𝑛𝜑 of a Josephson junction is a function of 
magnetic field and temperature, as either temperature or applied magnetic field is increased, it 
reduces the Meissner shielding current provided by weak links. This results to increased 
penetration of applied magnetic field which results to dissipation [23]. 
Again, when the Josephson junction is large enough and lower critical field (𝐻𝑐1) small 
enough, Josephson vortices each of size of a quantum flux (𝛷0 = ℏ𝑐/2𝑒) nucleate in these 
junctions and the induced microwave currents drives these vortices as a result of Lorentz 
force 1/𝑐(𝑗 × 𝛷0), causing dissipation as explained by Portis [24].  
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Figure 4.6: NMRA signal of SmFeAs(O,F) pellet recorded at various temperatures (6.06 K to 42 K) 
with microwave power of 0.710 mW  and modulation amplitude of 5 G The inset is a plot of NMA 
signal at 40K and 42 K to show that the signal is present.  
 
To explain NRMA line shape evolution as a function of temperature we invoke the model 
proposed by Bhat et al [3]. The granularity of a ceramic sample denotes that superconducting 
grains are weakly connected. Therefore, as temperature is lowered from 𝑇c, many 
superconducting grains became coupled resulting to increased shielding Meissner effect. This 
happens as a consequence of increased superconducting domains within the grains and strong 
coupling in intergranular Josephson junction.  
Again, phase locking between superconducting grains occurs at this stage owing to the fact 
that the intergranular coupling energy (𝐽𝑐𝛷0/2𝜋) is superior to thermal energy (𝑘B𝑇). Here 𝐽c 
is the critical current of an extrinsic Josephson junction. Bhat at al assumed that at a given 
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temperature (𝑇) and applied magnetic field (𝐻), a volume fraction 𝑥 of the sample is 
superconducting. Equation 4.1 is the main result from ref [3].  The equation gives an rf 
voltage (signal) as the volume fraction 𝑥 is changed with respect to 𝑇 and 𝐻. 
   
2
0
1 3
/ / 1 3 1 3 / 1
2
V V x x x

 
     
 
      4.1 
2
0 0 / (k C )pV I   and 
2
04 Na           
where  𝜎 is conductivity, 𝑎 is sample dimensions, 𝜔 is frequency, 𝜇0 is permeability and 𝐶p is 
capacitance.  
We noted from figure 4.3 that the NRMA signal intensity decreases with increase in 
temperature. Following this model, we can argue that as temperature is increased from 
6.06 K, the critical current is reduced gradually and fluxons penetrate the sample. This results 
to decoupling of superconducting grains and superconducting fraction (𝑥) is reduced. 
Consequently, there will be reduction in signal intensity (𝑉/𝑉o) as temperature is increased.  
In Bhat et al model [3], a transition from ‘normal to ‘anomalous’ absorption happens as the 
structure and line shape evolves as a function of temperature.  However, most remarkably, a 
transition from ‘normal’ to ‘anomalous’ does not occur in our work even though the structure 
in the line shape evolves as a function of temperature. This is the key result in this paper. This 
could be because of the possibility of Pi (𝜋) junctions in the sample as proposed in ref [25, 
26] which can results to a modified structure at zero field and Fraunhoffer pattern of the 
critical current as a function of applied magnetic field as depicted in figure 3 of ref [27].  
The presence of the  𝜋 junctions may as well invigorate thoughts that the peak 2 observed in 
our study is as a result of Wolleben effect. Notably, the Wolleben effect has characteristics 
which include; intragrain 𝜋 contacts, an anomalous microwave absorption corresponding to a 
maximum at 𝐻 = 0 and it occurs at temperatures slightly below 𝑇c [1, 2]. Our findings show 
that the structure is pronounced in all temperatures (6.06 − 39 K) and the NRMA absorption 
has a minimum absorption at 𝐻 = 0 depicting a normal NRMA. So peak 2 cannot be 
associated with Wolleben effect.  
Even though the narrow peak 2 is a new feature in iron pnictides, the case is not the same with 
cuprates. In   Bi2212 superconductor, ‘second peak’ and ‘third peak’ as often referred to have 
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been observed to depend on temperature, microwave power and mutual orientations of the 
applied DC magnetic field [9, 10,  21, 28]. Srinivasu [33] argued that the peak appears as a 
result of induced phase coherence by microwave power and this coherence later destroyed by 
applied magnetic field. This possibility cannot explain our findings as measurements were 
done with varying temperature and the peak registered at all measured temperature below 
39 K.  
This scenario is different from the reports of Srinivasu et al [9] and Rastogi et al [28] where 
the broad peak appears within a temperature window of 2 − 3 K. Rastogi et al [28] associated 
this peak to Josephson coupling between the 𝐶𝑢𝑂2 planes.  In as much as we may be drawn to 
associate our findings to Josephson coupling, a transition from Abrikosov vortices to 
Josephson vortices has been observed at a temperature 𝑇∗~41 − 42 K in SmFeAs(O, F) single 
crystals [29]. This implies that coupling will only be confined to this temperature window 𝑇∗. 
So the peak will be observed only at this temperature window.  
Perhaps in an attempt to identify saturation fields of the two peaks, we can get a clear 
description of the NRMA mechanisms in this sample. As aforementioned, microwave loss can 
occur from diffraction reduction of Josephson junction [23] and saturates at a field 𝐻0 given 
by equation 4.2 which depends on the junction dimensions involved [30].  
0 0 / (2 t)H L          4.2 
By taking the grain boundary length 𝐿 ≈ 2 μm [16, 13] (we have assumed the grain boundary 
length is equal to grain size) and magnetic penetration depth 𝜆 ≈ 200nm [31], the 𝐻0 ≈ 25 G 
is obtained which is comparable with saturation field of YBCO pellet sample [21]. The grain 
boundary thickness 𝑡  in equation (2) is magnitude of orders less than the magnetic 
penetration depth (𝑡 ≪ 𝜆), hence can be ignored.  
Our experimental data show that the signal for the broad peak 1 saturates at high fields 
~ 300 G. So if we use the saturation field of 300 G, it gives 𝐿 ≈ 0.2μm. This L value is too 
small for grain boundary and is comparable to twin boundary length observed in cuprates 
which is believed to be  10 2 − 103 nm [30].  This length scale rules out grain boundary loss 
for this broad peak 1. However, we cannot rule out intragranular weak links of this length 
scale.  
78 
 
If we invoke equation 4.3 which is adopted from Portis model [24] and set saturation field at 
≈ 300 G, the viscosity coefficient of 𝜂~10−6 cgs is obtained.  
0
28
oB


         4.3 
where 𝜔 = 9.45 GHz is the microwave frequency, 𝜇~1 is magnetic permeability constant (if 
we take 𝐵 ≈ 𝐻 at flux flow regime), 𝜆 is the magnetic penetration depth and 𝛷0 = 2.07 ×
10−7Gcm2 is quantum of a flux. The viscosity of this order is comparable to bulk and it 
suggests that the NRMA observed comes from the intragrain [12, 32].  
Tentatively, we can suggest that the broad peak 1 can be associated with damped motion of 
intragrain fluxons and narrow peak 2 from weak links. Nevertheless, the surest way of 
confirming these proposals is through frequency variation measurements as explained by 
Srinivasu et al [12]. Unfortunately our measurement set up was limited to frequency variation 
so we could not check on this. 
4.5 Summary and Conclusion 
 
It is clear from the clarifications above that the appearance of the structure (broad peak 1 and 
narrow peak 2) in iron pnictides superconductor is a complex phenomenon and the 
mechanism of its formation is far from known. Although there is no model has of yet that can 
explicitly account for its appearance in all temperature (6.06 −  39 K), its occurrence calls for 
thoughtful attention.  
Therefore, we will be tasked in the future to investigate the effects of different forms of 
sample i.e single crystals and thin films on the peak. This experimental work by means of 
NRMA technique will perhaps shade more light on nature and mechanisms through which the 
peak is realised.  
To conclude, we have carried out NRMA measurements on superconducting SmFeAs(O, F) 
polycrystalline below 𝑇c. The fascinating result of our study is the appearance of a structure 
consisting of broad peak 1 and a narrow peak on NRMA line shape at temperature range of 
6.06 − 39 K which is a new feature in iron pnictides superconductors.  The structure and the 
line shape was found to evolve as a function of temperature. Most importantly, we observed 
that this line shape evolution as a function of temperature does not show a crossover from 
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‘normal’ to ‘anomolous’ which is totally different from the NRMA signal observed in 
cuprates.  
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CHAPTER FIVE 
ANOMALOUS NRMA IN SmFeAs(O,F) POLYCRYSTALLINE SAMPLE.  
 
5.1 Introduction 
 
Dissipative electromagnetic response of superconducting sample is credited to weak links 
which joins superconducting grains [1]. Depending on the nature of a material layer 
separating the superconducting grains, a weak link can be categorized as either a tunnelling 
Josephson junction [2] or a proximity junction [3, 4]. The repercussion of weak links 
(Josephson junctions) in a material, is the diminishing of critical current density which indeed 
sounds an anathema in superconducting digital electronics fields.  
Despite the fact that critical current density is reduced in Josephson junction, new 
microelectronic superconducting devices and sensors are now being invented from HTSC. 
The devices such as Rapid-Single-Flux Quantum logic (RSFQ) [5] and digital voltage 
standards [6] have shown tremendous advancements in terms of speed and power 
consumption. 
Conditionally, Josephson junctions can be either hysteretic or non hystereric (over-damped).  
McCumber parameter 𝛽𝑐 = 2𝜋𝐼𝑐𝑅
2𝐶/𝛷0 is used to characterise these two Josephson junction 
dynamics. With 𝛽𝑐 ≫ 1 hysteretic junctions are realised whereas when 𝛽𝑐 ≪ 1, non-
hysteretic junctions are obtained. It has been long-established that junction capacitance is the 
cause of hysteresis. This occurs as a result of the increase of the normal-metal electron 
temperature once the junction switches to the resistive state [4]. 
Apparently, Josephson junction is a very fast switching device whose switching speed can be 
as small as a fraction of picosecond [7]. It has been observed that this speed is not fully 
utilised in hysteretic Josephson junction because of punch-through effect where the switching 
on speed is far much higher than the reset speed of a few tenths of nanosecond. This 
shortcoming can be eliminated by using non-hysteretic junctions since it does not require reset 
[7]. In view of this, a system with both hysteretic and non-hysteric Josephson junction will be 
an interesting probe. 
Therefore, as a way of distinguishing and understanding the hysteretic to non-hysteretic 
Josephson junction dynamics, NRMA study is of essence. In this report, we present the 
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NRMA studies on SmFeAs(O,F) iron-based superconductor where a transition to non-
hysteretic has been noted on NRMA line shape of this superconducting sample when 
microwave power is varied. 
5.2 Results and Discussions 
5.21Microwave power dependence of NRMA signal 
 
The experimental procedure is the same as reported in chapter 4. Figure 5.1 shows NRMA 
signal as a function of magnetic field recorded at 6.06 K for various microwave power 
between 22.83 µW and 7.182 mW obtained by changing the attenuator of the EPR 
spectrometer between 40 dB and 15 dB. The magnetic field was swept from -250 G through 0 
to + 250 G at frequency of 9.45 GHz and each scan lasted for 2 minutes. The structure i.e the 
broad peak 1 and narrow peak 2, and NRMA line shape are seen to evolve as function of 
microwave power.  
The structure is seen in all the microwave power measurements taken. Again, it can be 
realised that the NRMA signal intensity increases with increase in microwave power from 
22.83 µW to 0.710 mW where it reaches a maximum. On further increasing the microwave 
power, the signal intensity decreases and in a phenomenological way the NRMA line shape 
changes from ‘normal absorption’ to ‘anomalous absorption’ at 2.247 mW. That is to say, the 
signal has a maximum at zero magnetic field and decreases with increase in magnetic field. 
This phase reversal was absent in temperature variation as represented in chapter four. 
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Figure 5.1: NMRA signal recorded from SmFeAsO (O,F) pellet at 6.06 K, with field modulation 
amplitude of 5 G and varied microwave power (22.83uW-7.182 mW) 
 
It is vital to note that effect of microwave power variation on microwave signal in cuprates 
has been investigated by several groups [8- 14]. For instance, Blazey et al [9] observed 
equally spaced narrow absorption lines which they alluded to be from microwave current-
induced nucleation and annihilation of fluxons in Josephson junctions. They noted that these 
lines are microwave power dependent and they broaden with increase in microwave power.  
Janes R et al [15] showed in details that these microwave power dependent absorption lines, 
are dependent on the sample as well. Furthermore, qualitative studies by Vichery et al [16] 
have shown that the lines are sensitive to the orientation of the sample with microwave power 
and external magnetic field. Puri et al [12] noted that there is a threshold microwave power at 
which a signal type A (in their work) is not affected in number and line width. However, for 
signal type B, an increase in microwave power increased the number of spectra lines. It is 
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believed that the superposition of these lines coming from various Josephson junctions 
constituents the broad and intense microwave signal seen on powdered samples. 
Away from the spectra lines dependence on microwave power, two disntict peaks have been 
observed in BSCCO superconductor [17].  At low microwave power, a sharp narrow peak 
was noted which was attributed to Meissner phase. However, when microwave power was 
increased, a dip and broad second peak was observed which reflects reentrant liquid phase and 
solid phase. Again, studies done on YBCO by Srinivasu et al [20] have revealed phase 
reversal on the line shape signal.  The signal was found to increase monotonically with 
microwave power up to 1.74 mW where the absorption signal reversed. This outcome was 
found to be similar to what has been observed in our measurements. 
Having suggested the possibility of the origin of the structure (a broad peak 1 and narrow 
peak2) in the previous chapter, our attention shifts to the signal intensity variation with 
microwave power. The signal intensity behaviour observed in SmFeAs(O,F) can be 
understood to some extent on the framework of Dulcic model [18]  which indicates that 
microwave absorption in superconductors emanates from Josephson junctions. According to 
this model, low field microwave absorption signal intensity is expressed as  
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where   is a junction parameter defined as 
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Here 𝐼mw is the current induced by microwave magnetic field, 𝑅 is the normal state resistance 
of a junction, 𝜑 is the phase between two superconducting grains forming a junction, 𝐼c is the 
critical current of a junction expressed as 𝐼c = 𝐼0𝑠𝑖𝑛𝜑 and 𝐼0 is the current induced by the 
external magnetic field. 
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From equation 5.1, it is evident that the NRMA signal intensity varies proportionally to the 
square root of microwave power. In view of the increase of signal intensity between 22.83 µW 
and 0.710 mW, it can be argued that an application of microwave power induces active 
Josephson junction which traps magnetic flux [13].  
Then as more Josephson junctions became active, more microwave energy is absorbed 
resulting to a linear increase of signal intensity as a function of the square root of incident 
microwave power up to 0.710 mW. On further increasing the microwave power beyond 0.710 
mW, the Josephson junction critical current 𝐼c limit is exceeded leading to decoupling of 
junctions. This points to fewer active junctions absorping microwave radiation; hence the 
NRMA signal intensity decreases [12] 
Phase reversal on HTSC has been identified and varied interpretations have been drawn in 
this respect [19- 22]. One notable explanation is on the change of Meissner fraction as a 
function of temperature (𝑇) and magnetic field (𝐻) where the sample is treated as a 
percolative network comprising of superconducting regions separated with non-
superconducting material [19].  
Similarly, Meissner paramagnetic effect has been invoked where the NRMA signal has the 
anomalous signatures namely; intragrain 𝜋 junctions, a maximum absorption at 𝐻 = 0 and 
occurs at temperatures slightly below transition temperature 𝑇c [21, 22]. As much as the above 
suggestions are made, the scenario in our findings is different. Notably, the phase reversal in 
SmFeAs(O,F) is microwave power dependent. Therefore, in this report we call on the 
explanations put forth by Srinivasu et al [20] where they have modelled the powdered sample 
as a group of rf-SQUIDs.   
According to the model, the weak links involved in the ‘anomalous’ absorption are Josephson 
junctions of non-hysteretic nature (𝛽c = 2𝜋𝐼𝑐𝑅
2𝐶/𝛷0  ≪ 1) [20]. Here 𝐼𝑐 is the Josephson 
junction critical current, 𝑅 is the junction resistance and 𝐶 is the capacitance. The critical 
current 𝐼c is likely to be orders of magnitude smaller that intragrain current. As mentioned in 
chapter 4, since Josephson junction is large enough and the junction critical field (𝐻cj) smaller 
than the bulk, the (𝐻c1) vortices nucleate in these junctions and stay weakly pinned. It is the 
damped motion of these fluxons which results to dissipation.  
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According to Srinivasu model [20], the averaged power dissipated equation in a Josephson 
junction is obtained by averaging power, P, over the distribution 𝐴𝑒−𝐴/𝐴0 of the loop area and 
as the field 𝐻𝑑𝑐 ≫ 𝐻𝜔  which gives; 
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where 0 0/dcH A  , 𝑃0 is the scale factor, 𝐻𝑑𝑐 is the dc field, 𝐻𝜔the rf field and, A is the 
loop area 
Equation 5.3 shows that the power dissipation P is a monotonically decreasing function of 
𝐻𝑑𝑐, which is the anomalous signal. One point to note here is that the variation of 𝐻𝑑𝑐 in [20] 
has the same effect as the change of microwave power in our work.  
In view of that, we propose that at microwave power  between 22.83 µW and 0.710 mW, the 
Josephson junction are still hysteretic junctions resulting to a ‘normal’ absorption and on 
increasing of microwave power to 2.247 mW and 7.108 mW, the 𝐼0 becomes greater than 𝐼c 
hence the junctions changes to non-hysteretic giving rise to an anomalous absorption. 
It is of essence to note that weak links in form of Josephson junction in a material have 
different coupling energy, 𝐸j = (1/2𝜋)𝐽c𝛷0, hence they have varied threshold fields at which 
they can decouple.  If we consider the diffraction reduction of the critical current (sin 𝜋𝐻0/
𝜋𝐻0), where 𝐻0 is the saturation field, an application of microwave power will necessitate the 
exceeding of critical currents of a fraction of Josephson junctions hence rendering a fraction 
of Josephson junctions non-hysteretic.  So, the hysteretic to non-hysteretic conversion of 
Josephson junction with an increase in microwave power caused by diffraction reduction of 
the critical current can as well be a possibility leading to the anomaly. 
5.22 Field Modulation Amplitude Dependence of NRMA Signal 
 
Figure 5.2 shows NRMA signal shape and intensity evolving with modulation amplitude. The 
spectra were recorded at 3.86 K with the microwave power kept constant at 7.182 mW. The 
field was swept from −250 G to + 250 G with a sweep time of 2 minutes. The field 
modulation amplitude was varied from 2 G to 6 G. Two remarkable scenarios are seen 
namely; the NRMA signal intensity and broad peak 1 increases with increase of field 
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modulation amplitude while narrow peak 2 decreases with increase of field modulation 
amplitude.  
Figure 5.3 shows NRMA signal height intensity dependence of field modulation amplitude. 
The NRMA signal height intensity which is recorded as peak –to- peak amplitude shows a 
linear dependence with field modulation up to 5 G.  
It is well established that field modulation changes the NRMA signal [11- 13, 18]. At low 
field modulation amplitude, surface current of a sample is modulated while at high field 
modulation, fluxons are modulated [11]. In the work presented here, the modulation 
amplitude used is relatively large, hence surface current modulation is minimal. NRMA line 
shape intensity is observed to increase linearly as a function of modulation amplitude up to 5 
G and deviates afterwards.  
This can be understood on the context of microwave absorption increasing as more fluxons 
are modulated until the critical current of weakest Josephson junctions is exceeded resulting 
to decoupling. Further increase of field modulation will lead to more decoupling of Josephson 
junctions and hence deviating as shown in figure 5.3. 
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Figure 5.2: NMRA signal of SmFeAs(O,F) pellet recorded at various modulation amplitude ( 2 to 6 
G) with a microwave power of 7. 182 mW at 3.89 K. 
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Figure 5.3: Peak to peak NRMA Intensity height of signals presented in figure 3 as a function of field 
modulation amplitude. 
  
5.3 Conclusion 
 
In summary, we report on microwave power and modulation amplitude effect on NRMA line 
shape. We have noted that the NRMA line shape evolves as a function of incident microwave 
power and field modulation amplitude. Also, we note a crossover from ‘normal’ absorption to 
‘anomolous’ absorption at 2.247 mW on the NRMA line shape for the first time in 
SmFeAs(O,F) iron pnictide superconductor. The anomaly has been explained to emerge from 
non-hsyteretic Josephson junction.  
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CHAPTER SIX 
CONCLUSION AND FUTURE WORK 
6.1 Conclusion 
 
This thesis presents NRMA studies of SmFeAs(O,F) polycrystalline sample of 𝑇c = 46 K. 
The  NRMA line shape of SmFeAs(O,F) has been obtained at low field scan. Interesting, a 
structure on the line shape consisting of a broad peak 1 and a narrow peak 2 which evolves as 
a function of temperature has been obtained. The structure was found to occur in all the 
temperatures below 42 K. This is a new result in iron pnictides superconductors. Also, the 
results revealed a ‘normal’ micrwave absorption and the signal intensity reduced with 
increase in temperature.  
To elaborate on the signal intensity variation with temperature, a model that presumes that at 
a given temperature (𝑇) and applied magnetic field (𝐻), a volume fraction 𝑥 of the sample is 
superconducting was  invoked. With an increase in temperature, as is the case in this work, 
the Meissner fraction is reduced as a result of decoulping of a fraction of Josephson junctions 
resulting to reduced microwave absorption. Also, the saturation field creterion has been used 
to categorically identify the cause of the structure (broad peak 1 and narrow peak 2). 
Tentatively, it has been suggested that the broad peak 1 emanates from damped fluxon motion 
whereas the narrow peak 2 is argued to emerge from diffraction reduction in Josephson 
junctions. 
Futhermore, phase reversal on NRMA line shape has been noted when microwave power is 
varied. At microwave power 2.247mW, it has been revealed that the signal changed from a  
‘normal’ absorption to ánomalous’ absorption. Accordingly, a modelled which treats the 
powdered sample as a group of rf-SQUIDs has been used to explain this phenomenon. The 
anomaly has been attributed to microwave absorption emanating from non-hysteretic 
Josephson junction. Also, another possibility is of diffraction reduction of 𝐼c which renders a 
fraction of Josephson junction non-hysteretic, hence the transtion from hysteretic to non-
hysteretic results to the anomaly. 
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6.2 Future Work 
 
This study was entirely focussed on polycrystalline sample of SmFeAs(O,F). Having 
successively conducted NRMA studies on this material, our future work will be to study 
different forms of this sample such as thin films and single crystals. This will shade more light 
on the phenomenological features observed here i.e a structure on the NRMA lineshape 
consisting of a broad peak and a narrow peak, and the microwave power dependent NRMA 
phase reversal. Also, we will be tasked to carry out extensive study on other materials from 
different classes of iron-based superconductors namely 111, 122, 11, and  42622 to enable 
comparison among the iron based superconductors.  
Again, fundamental properties such as the critical current density, irreversibility fields and 
fluxon dynamics are crucial as far as superconductor applications are concerned. In view of 
this, we will be tasked to study these properties by employing the non-resonant microwave 
absorption (NRMA) technique. 
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Appendix 
A.0 Publications 
 
1. Observation of a structure and line shape evolution of non-resonant microwave 
absorption in SmFeAs(O, F) polycrystalline iron pnictide superconductor (Published  
J. Supercond. Nov. Magn. DOI 10.1007/s10948-015-3106-6) 
 
2. Anomolous non-resonant microwave absorption in SmFeAs(O,F) Polycrystalline 
Sample (Submitted for publication). 
 
 
 
 
